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FOREWORD 

The objective of this publication is to provide an up to date review of the 
environmental behaviour of radium, including methods for analysis, assessment and 
control. The need for a reference text on the subject was identified at an early stage 
of the International Atomic Energy Agency's Co-ordinated Research Programme 
(CRP) on radium behaviour in relation to uranium mining and milling wastes, which 
began in 1976. There were two CRPs: 

(1) The Source, Distribution, Movement and Deposition of Radium in Inland 
Waterways and Aquifers (1976-1980; final report: IAEA-TECDOC-301, 
published in 1984). 

(2) The Environmental Migration of Radium and Other Contaminants Present in 
Liquid and Solid Wastes from the Mining and Milling of Uranium (1981-1985; 
final report: IAEA-TECDOC-370, published in 1986). 

In particular, two CRPs were focused on radium migration in surface and 
groundwater systems. A forerunner to the present publication was produced at the 
end of the first CRP (IAEA-TECDOC-301). Although limited in scope and content, 
the TECDOC attracted the interest of many workers in the field and, as a result of 
this interest, it became the foundation for the present publication. 

The present publication had its origin in 1984, towards the end of the second 
CRP, and has been managed by a small Steering Committee (the members of the 
Steering Committee and the Advisory Group, as well as the names of the referees, 
are given in the List of Participants at the end of this report). It was decided that 
contributors should not be restricted to the members of the CRP, but that partici
pation should be invited from known experts in the field. This was seen to have the 
advantages of ensuring a broader scope for the monograph, rather than being limited 
entirely to the environmental problems of the uranium mining and milling industry, 
and of drawing on a larger base of expertise. The Steering Committee reviewed texts 
as they were received, nominated referees and, at the last (Advisory Group) meeting, 
made a final review of referees' reports and decided on the acceptance of revised 
texts. 

This publication deals with the sources, properties, environmental behaviour 
and the methods of analysis, control and assessment of 226Ra. It is an outgrowth of 
Agency programmes directed towards the environmental problems involved in 
uranium mining and milling. The emphasis in several of the sections reflects these 
origins. For example, many of the contributions in Volume 2 of this report on 
technologically enhanced sources of radium (Part 1), methods of control and 
abatement (Part 2) and the impact on man (Part 3) are concerned with uranium 
mining and milling. In Volume 1, coverage of the natural distribution (Part 2), 
analytical methods (Part 3), environmental migration (Part 4) and biological uptake 
(Part 5), is more general. It is likely that the reader will find the information needed 



on the environmental behaviour of radium in this report, or will at least find 

references to other, more appropriate, texts contained in it. 

Throughout the period of preparation of this publication, the Agency has taken 

the advice of the members of the Steering Committee. Their support is gratefully 

acknowledged, in particular, A.R. Williams, P. Benes, R.J. Kirchmann and 

G.M. Ritcey should be mentioned. The help provided by the referees in reviewing 

and commenting on the draft contributions is also acknowledged. The project was 

managed by IAEA staff members J. Molinari (from 1984-1985) and G. Linsley 

(from 1985 until the present), of the Division of Nuclear Fuel Cycle and Waste 

Management. 
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governments of the nominating Member States or of the nominating organizations. 

Although great care has been taken to maintain the accuracy of information contained 
in this publication, neither the IAEA nor its Member States assume any responsibility for 
consequences which may arise from its use. 

The use of particular designations of countries or territories does not imply any judge
ment by the publisher, the IAEA, as to the legal status of such countries or territories, of their 
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Chapter 1-1 

RADIUM 
A historical introduction 

A.R. WILLIAMS 
Lucas Heights Research Laboratories, 

Australian Nuclear Science and Technology Organisation, 
Menai, New South Wales, 

Australia 

R.J. KIRCHMANN 
Department of Radiobiology, 

Belgian Nuclear Centre (CEN/SCK), 
Mol, 

Belgium 

1. RADIUM - THE ELEMENT 

Radium is element number 88 in the Periodic Table and it belongs to 
Group DA, the alkaline earth metals. Twenty-five radium isotopes have been identi
fied, each with a different number of neutrons in its nucleus, but the most abundant 
among the naturally occurring isotopes are 226Ra, an alpha emitter with a half-life 
of 1600 years, and 228Ra (mesothorium), a beta emitter with a half-life of 5.8 years. 
They are daughters of the most abundant naturally occurring isotopes of uranium 
(238U) and thorium (232Th), respectively. These two isotopes of radium are also 
the most radiotoxic. The decay chains, decay modes and energies are given in 
Chapter 2-1 of this volume. Pure radium is a lustrous, highly reactive metal with 
a melting point of about 700°C and a specific gravity of 5. 

2. DISCOVERY OF RADIUM 

The discovery of radium was closely linked to the discovery of radioactivity. 
In 1895, Rontgen discovered X rays. In the following year he presented some 
radiographs at a meeting of the Academy of Sciences in Paris and these prompted 
Henri Becquerel to experiment with fluorescent substances that may emit radiation 
similar to that found by Rontgen. He found that uranium salts could activate a photo
graphic plate in the absence of light and could activate air so as to discharge an 
electroscope. Pierre and Marie Curie, working at the Sorbonne in Paris, followed 

3 
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up these studies of uranium compounds and found that thorium also emitted such rays 
and that the rays were of three types: positive, negative and neutral; they were later 
named (by Ernest Rutherford) alpha, beta and gamma rays. During the course of 
these studies, Marie Curie noted that the uranium mineral pitchblende was much 
more active than pure uranium salts. Upon analysing a large amount of ore they were 
able to demonstrate the presence of two other radioactive elements. In 1898, they 
announced the discovery of polonium (named after Marie Curie's homeland) and 
"a new element with very curious properties" [1] nine hundred times (later found 
to be over a million times) more radioactive than uranium and chemically similar to 
barium. They named this element 'radium', associating it with 'radioactivity', their 
newly coined term for the spontaneous disintegration of matter. In 1903, the couple, 
together with Henri Becquerel, were jointly awarded the Nobel Prize in physics for 
the discovery of radioactivity. 

After the initial discovery of radium, Marie Curie separated enough of the new 
element to determine its atomic weight in 1903. She then continued to work physi
cally hard and long hours in a "miserable shed" that one distinguished colleague 
called a "cross between a stable and a potato cellar" to separate enough radium from 
tons of uranium tailings (obtained from St. Joachimsthal, renamed Jachymov, in 
Czechoslovakia) to prepare metallic radium. By 1910, she achieved this goal also 
and proved to the world that radium was what she had said it was, an element. In 
1911, she was awarded the Nobel Prize in chemistry for the discovery of radium and 
polonium, describing the properties of radium, isolation of radium metal and 
research into the properties of radium compounds. She was the first woman ever to 
win a Nobel Prize and the first person ever to win two Nobel Prizes. Madame Curie 
became famous throughout the world. 

3. USES OF RADIUM 

Radium also became famous. It was a source of radioactivity for medical and 
industrial radiography and was used for research into radioactivity and the structure 
of matter. Its luminescent properties, enhanced by mixing with a solid scintillator, 
such as zinc sulphide, were used to make dials glow in the dark. Its ionizing proper
ties were exploited for static electricity eliminators and electronic valves. In the 
1930s, radium mixed with beryllium provided a convenient source of neutrons. 

The names 'radium' and 'Curie' became synonymous, not only in the public 
mind but in the scientific world, where they jointly became the international standard 
of radioactivity: the Radiology Congress of 1910 defined the curie unit, in words 
chosen by Marie Curie, as the "quantity of emanation in equilibrium with 1 gram 
of radium" (later defined numerically as 3.70 X 1010 disintegrations per second). 

Radium's greatest fame was achieved in the field of medicine. The penetrating 
rays were used successfully in the treatment of cancer and it became a wonder cure 
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in the popular imagination. It was recommended "for any medical condition which 
had no known cure, including arthritis, neuritis, hypertension, poliomyelitis, 
menopausal complaints, Hodgkin's disease, debutantes fatigue and even dementia 
praecox" [2]. In 1914, it was approved in the American Medical Association's 'New 
and Non-Official Remedies'. In 1921, Madame Curie travelled to the United States 
of America and was hailed in one newspaper headline as "The Greatest Woman in 
the World". By that time radium therapy was an industry: in the USA alone, 
23 refineries and laboratories were preparing radium, and at least 65 physicians and 
clinics were administering radium at a rate of multiple thousands of doses per day, 
orally and via injection. Radium was also sold on the open market in drinking water, 
bathwater, injection ampoules, compresses, tonics, belts, pads, tissues and facial 
creams, salves, hair tonics, mouthwashes, tooth pastes, candy bars and fertilizer. 
One nostrum claimed to cure 160 known diseases and another "all forms of cancer". 
Between 1913 and 1925, technical articles and advertisements for these applications 
appeared in a journal called 'Radium', produced by the Radium Publishing Company 
of Pittsburgh. 

4. COMMERCIAL PRODUCTION 

The fuel for this explosion of interest in radium was supplied by commercial 
production that began soon after its discovery. As early as 1902, the French 
Academy of Sciences provided a grant for factory scale production in Paris on a 
non-profit basis. The Austrian Government soon realized the value of the mining 
wastes at St. Joachimsthal. In 1903, they declared an embargo on its export, built 
their own radium extraction plant and, for the next two decades, became the major 
European supplier. Between 1913 and 1922, world supply was dominated by 
US production from carnotite deposits in western Colorado. 

In 1915, high grade uranium ore was discovered in the Haut Katanga district 
of what was then known as the Belgian Congo, but the deposit was not exploited until 
after the First World War. The first ore shipment to Belgium was made in 1921; the 
ore contained about 50% of uranium oxide (30-40 times more than the US carnotite) 
and in 1922 radium production began at Olen. The high grade African ore soon made 
the US deposits uneconomic and for the ensuing decade the Belgian plant was the 
major world supplier. 

In 1932, a comparably high grade ore was discovered at Great Bear Lake in 
Canada and an extraction plant was set up in Port Hope, Ontario. Thereafter, the 
Belgian and Canadian producers shared dominance of the market and production 
continued in Canada until 1954 and in Belgium until 1960. While the Belgian Congo, 
Canada and the USA were the major suppliers of uranium ore, other uranium 
deposits in Australia, Norway, Portugal, Sweden, the Union of Soviet Socialist 
Republics and the United Kingdom were also mined for radium production. 
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5. RADIUM — HELPFUL OR HARMFUL? 

Radium brought great benefit to the world with its applications in medicine and 
industry and the study of radium revealed much about the structure of matter. But 
this was "knowledge of good bought dear by knowing ill". From the earliest days 
of their association with radium, the Curies' health began to deteriorate. By 1903, 
their condition was so distressing to friends that one wrote a ten page letter urging 
some attention to their health. No one suspected that the pride and joy of their life 
might also be an agent of death. Marie Curie's doctoral thesis of 1903 described the 
hazard posed by the emanation that came from radium: 

"Dust particles, the air of the room, clothing, all become radioactive. The air 
of the room becomes a conductor. In our laboratory the evil has become acute and 
we no longer have any apparatus properly insulated" [3]. 

She also included a section entitled "Physiological Effects", in which she 
described the destructive influence of radiation on living tissue. Pierre Curie's last 
published paper, before his untimely death in a street accident in 1906, described the 
toxic effects on mice and guinea pigs of the emanation that came from radium. No 
one thought what it might be doing to the laboratory workers. In 1911, the year that 
Marie Curie received her second Nobel Prize, Pusey published a review of the 
biological effects of radium: it was "capable of causing intense effects upon living 
tissue" through (over)stimulation of metabolism, burning, and deterioration of skin 
similar to senility; he noted that, like X rays, radium caused cancer. Despite this, 
he suggested several therapeutic applications: 'to stimulate chronic processes", for 
removal of hair, to obliterate blood vessels in the skin, to destroy cancer and to 
relieve itching and pain [4]. 

A decade later the facts were still being ignored. In 1921, the year of Marie 
Curie's triumphant tour of the USA, radiation induced cataracts were blinding her 
and she had difficulty in hearing because of the drumming in her head. She did not 
have the strength to complete the tour. It was another three years before someone 
finally declared radium to be a cause of disease. In 1924, a New York dentist 
described a new disease in a luminescent dial painter that he called "radium jaw". 
In the following year, Martland et al. described anaemia resulting from occupational 
poisoning attributable to "unrecognized dangers in the use...of radium" [5]. The 
following year Flinn reported five deaths from "jaw necrosis" in one factory [6], 
but an industry wide survey yielded no further cases. In the same year, Brancati 
produced sarcoma in mice with radium [7]. Other studies followed and established 
a convincing case against radium. Later, long term studies [8] would reveal that 
among those who had ingested enough radium to cause tumours, the incidence of 
tumours was about 30%. By 1928, the longer standing concern over X ray safety, 
together with the newly discovered hazards of radium, led to the formation of the 
International Committee on X Ray and Radium Protection, the forerunner of the 
present day International Commission on Radiological Protection (ICRP). By 1940, 
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as little as 1.4 kg of radium had been taken from the earth, but it was known to have 
killed more than one hundred people. 

Madame Curie resisted the thought, longer than many others, that working 
with radium was hazardous, even when pernicious anaemia and myeloid leukaemia 
killed two of her colleagues who had worked many years with radium. Once radium 
poisoning was accepted by others she began to receive requests for a cure. One 
pathetic letter regarding dial painters in Orange, New Jersey, read: "12 women have 
died and five are dying a most horrible and painful death...I wonder if you have 
discovered anything that might benefit these women?" She had not. She, too, 
eventually succumbed to the years of exposure and died of pernicious anaemia in 
1934. 

The fame of radium also died. Its last appearance in the American Medical 
Association's "...Remedies" was 1932. In a 1933 review, Evans described the 
progress of the "tragic and horrible death" resulting from radium overdose as 
follows: 

"For the first few months after taking radium into the body there is a sensation 
of well-being and general physical improvement...with...an increase of both red and 
white blood corpuscles...soon, however, the deadly alpha ray bombardment of the 
blood producing centres begins to be felt...a period of overstimulation and then one 
of exhaustion may follow in which there is marked leukopenia and regenerative ane
mia, followed by fatal terminal infections" [2]. 

In 1941, the once magical element was again held up before the world, this 
time not as a standard of radioactivity but as a standard of radiotoxicity: the maxi
mum permissible body burden (MPBB) for occupational exposure was set at 0.1 /iCi 
of radium and the MPBBs for all other radionuclides were calculated from this 
standard. 

Radium continued to be a useful source of gamma radiation, but in subsequent 
years even its notoriety faded from the public view. The standards of radioactivity, 
of radiotoxicity and the curie unit were all changed. Becquerel had preceded the 
Curies in the discovery of radioactivity, so his name replaced theirs as the unit of 
radioactivity. The numerical value of this unit was then changed from the number 
of disintegrations associated with 1 g of radium to one disintegration per second. The 
standard of radiotoxicity was changed from a fixed quantity of radium in the body 
to a specified risk of radiation damage. Today, radium is just another name in our 
long catalogue of toxic substances and other, less hazardous, nuclides have largely 
replaced radium as a source of radiation [9]. The element that was once dug up as 
buried treasure is today returned to the ground as buried waste. 

6. RADIUM IN THE ENVIRONMENT 

Within a few years of its discovery in uranium ores, radium was found to occur 
widely in the natural environment. Many different materials yielded evidence of 
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radioactivity and, in most cases, this could be attributed to its content of the uranium, 
thorium or actinium series nuclides [10]. None of the early workers appear to have 
thought that such radioactivity might be hazardous to health. On the contrary, these 
discoveries added to the perceived curative value of spring water and spas. 

The discovery that radium is hazardous to humans resulted from a study of 
occupationally exposed workers and, since the inception of the ICRP, the major 
concern of the radiation dose limitation system has been such workers. This is 
appropriate, of course, since workers experience the most intimate contact with the 
toxic material. Concern for the general public and for the environment took longer 
to develop. The atomic bomb, with its radioactive fallout, created a focus for inter
national attention on the possible hazards of radioactivity in the environment and 
environmental radiation became one of the interests of the World Health Organiza
tion, created in 1948. The ICRP did not make any recommendations on dose limita
tion for members of the public until 1957 [11] and the first statement of any length 
on the subject did not appear until 1984 [12]. The non-human environment was 
included in the recommendations issued in 1977 [13], with the principle that if 
humans are protected, other species should also be adequately protected. So far the 
evidence appears to support this assumption. 

Radium was first identified as a significant environmental pollutant from the 
uranium industry in the 1950s by Tsivoglou and others working in the Colorado 
Plateau area of the USA [14], In the early 1960s, Havlik reported significant radium 
pollution of water from uranium mining in Czechoslovakia (Ref. [15], with refer
ences) and Kirchmann et al. (Ref. [16], with references) reported radium pollution 
of water and soil from the radium extraction plant at Olen and from a phosphate mill 
in Belgium. Since then, radium pollution has been identified in many places around 
the world, coming mainly from uranium, phosphate and gold mining and milling 
operations and from coal ash. 

The hazard posed by radium pollution of the environment is more difficult to 
assess than radium contamination of the workplace. The many different transport 
mechanisms and exposure routes, and the variability of biological uptake and of 
human behaviour make environmental radiation dose assessment little more than 
formalized guesswork. The purpose of this publication is to gather basic principles 
from many scientific disciplines to provide a more accurate understanding of the 
environmental transfer of radium. It is hoped that the use of these volumes will help 
to reduce the gap between reality and the conservative, 'safe', assumptions that are 
used in radiation dose assessment modelling when better information is not available. 
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THE CHEMISTRY AND RADIOCHEMISTRY 
OF RADIUM AND THE OTHER 
ELEMENTS OF THE URANIUM 

AND THORIUM NATURAL DECAY SERIES 
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CEA, Centre d'etudes nucleaires de la Vallee du Rhone (UDIN/IPSN), 

Bagnols-sur-Ceze, 
France 

W.J. SNODGRASS 
Beak Consultants Limited, 

Mississauga, 
Ontario, 
Canada 

1. GENERAL 

1.1. Radium isotopes and their occurrence 

The element radium (symbol Ra) is the heaviest of the alkaline earth group of 
metals. Of the reported 30 radium isotopes with mass numbers between 206 and 
230 [1], all are unstable and only four are found naturally. These four isotopes, 
226Ra, 228Ra, 224Ra and 223Ra, are intermediate members of the three naturally 
occurring radioactive series (see Fig. 1 [2, 3]). These four isotopes, which are 
classified according to their relative decay series in Table I [4, 5], are found 
naturally because their half-lives are compatible with environmental processes. The 
half-lives of all of the others are shorter, or far shorter than one hour. So far, the 
radium isotope of the neptunium (237Np) decay chain, 225Ra, has not been detected 
in nature. However, because the maximum 237Np/U ratio in nature does not exceed 
10-12, the amount of 225Ra generated by decay from 237Np would be infinitely small 
[6]. 

Of the four radium isotopes derived from the uranium, actinium and thorium 
decay chains, 226Ra, the decay product of 238U, is the most important one occurring 
in nature. This is due to both its long half-life (1622 a) and to the natural abundance 
of its parent. Owing to this abundance, the term 'radium' is generally taken to mean 
226Ra. In this paper too, radium is taken to mean 226Ra, while other isotopes are 
denoted by their mass numbers. 
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ATOMIC NUMBER AND PERIODIC TABLE 

IA HA VB M IB DB HA YA Y1A 
INERT 

YflA GASES 

i 
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FIG. 2. (a) Periodic chart of elements and (b) the transition and inner transition elements [7]. 
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TABLE I. NATURALLY OCCURRING AND ASSUMED NATURALLY 
OCCURRING ISOTOPES OF RADIUM (AFTER REFS [1, 4, 5]) 

Mass Common name Decay series Half-life 
Nature and energy 
(in MeV) of decay 

226 

228 

224 

223 

225 

Radium 

Mesothorium 

Thorium-X 

Actinium-X 

U-238 

Th-232 

U-235 

Np-237 

1622 a 

6.7 a 

3.64 d 

11.2 d 

14.8 d 

a, 4.79 

/3 ", 0.012 

a, 5.68, 5.45 

a, several 5.4-5.7 

13 ~, 0.31 

1.2. Physical properties of radium 

1.2.1. Radium — The element 

Radium (in Latin radius, ray) is a radioactive metal of Group IIA of the 
Periodic Table. Its atomic weight is 226.05 and its atomic number is 88; its 
electronic configuration (Ra core) is 7s2 (see Fig. 2 [7]). The ionic radius of radium 
is given as 1.40 A (charge 2+)(see Table VI). Its melting point is 700°C and its 
boiling point is 1150°C. Its specific gravity (at 20°C) is 6.0. The pure metal, 
prepared by electrolysis of a fused salt, is brilliant white, but it blackens in air. Both 
the metal and its salts exhibit a strong luminescence [2, 4, 5]. 

1.2.2. Nuclear properties of radium isotopes 

The nuclear properties of the five main radium isotopes are given in Table II 
[8] and can be summarized as follows: 

— 226Ra, 223Ra and the two isotopes, 228Ra and 224Ra, are, respectively, decay 
products of the uranium (238U), actinium (235U) and thorium (232Th) decay 
chains (respectively, the 4N+2, 4iV+3 and 4JV decay chains); 

— 225Ra is an isotope in the 237Np decay chain (4AH-1 chain). 

1.2.3. Radiological aspects 

Radium is a naturally occurring radioactive element. All isotopes from 206Ra 
to 230Ra are radioactive. Since most radium bearing wastes are produced by the 
milling of uranium ores, the most important isotope is 226Ra. Radium-226 is formed 
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when 230Th emits an alpha particle. 226Ra decays to form the gas 222Rn. The posi
tion of 226Ra in the 238U decay scheme is shown in Fig. 1. Both 226Ra and its 
daughter, 222Rn, present radiological hazards; 226Ra from its ability to replace 
calcium in bone structure (see Chapter 3-1 in Volume 2 of this publication) and 
222Rn by retention in the lungs in the form of 210Pb and 210Po. 

1.3. Production of radium 

Radium was formerly considered to be the main product of uranium ores 
because of its importance in medicine. However, this situation has changed consider
ably since uranium has become the element of importance in nuclear technology. 
Radium has since become more of a by-product of uranium recovery and is obtained 
from the wastes of uranium extraction. It has been recovered only when it was 
economically feasible. 

All aspects of radium production are discussed by Weigel [1], who considers 
the large scale production of radium metal (226Ra) (i.e. from ore 'dressing', 
recovery processes and separation of radium to barium), production of natural 
radium isotopes other than 226Ra and production of artificial radium isotopes. A 
short review of the main steps involved in the large scale production of radium is 
given here. 

1.3.1. Ore dressing 

The preparation of ores for the chemical recovery of uranium, radium, thorium 
and mesothorium is essentially the same, unless a chemical leach step is introduced. 
226Ra always 'accompanies' the uranium ores, and 228Ra the thorium ores. Both are 
derived from ores containing uranium-thorium minerals, such as uranothorite. 

The first processing step consists of removing gangue by mechanical separa
tion and flotation procedures, and possibly by electronic and magnetic sorting. In this 
step, the radium stays with the uranium. The second step, which is omitted in most 
procedures, is a roasting process. This is used in particular in the case of vanadium 
containing ores, such as carnotite. The radium again stays with the uranium. The 
third step consists of a leaching procedure, which may be carried out either as 
alkaline leaching, using a sodium carbonate solution to convert uranium to a soluble 
carbonate complex, or as acid leaching, employing H2S04, HN03, HCl, or 
mixtures thereof. 

1.3.2. Recovery of radium/barium mixtures from leaching residue 

At the end of leaching, a crude residue is obtained which consists mainly of 
silica, secondary precipitates of lead sulphate, barium sulphate in sulphuric acid 
processes or lead carbonate and barium carbonate in alkaline leaching processes, and 
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TABLE II. NUCLEAR (DECAY) PROPERTIES OF THE MAIN RADIUM ISOTOPES [8] (DETAILED NUCLEAR PROPER

TIES ARE PROVIDED IN REF. [1]) 

Ra-226 is fissile under fast neutron, proton and deuteron fluxes. Mixed with beryllium, it constitutes a neutron source. 

Half-life O 
t"1 

Ra-213 a 6.90 

Ra-219 a 8.0 

Ra-220 a 7.45 (99); 6.99 (1) 

Ra-221 a. 6.60 (38); 6.75 (31); 6.66 (20); 6.57 (8) 

Ra-222 a 6.55 (95); 6.23 (5) 

Ra-223 a 5.71 (50); 5.60 (24); 5.53 (10); 5.33 (10); 5.87 
aact = 130 ± 20 (mean value for reactor 

T neutron fluxes) 

2.7 mm 

< 1 min 

7 0.33 (5) 37 s 

7 0.155; 0.122; 0.270; 0.338; 0.031; 0.45 NRa 11.7 d 

73 

a, 
7 0.46(1) <9min g 

o 
7 0.150 (12); 0.176 (3) 30 s g 



Ra-224 a 5.68 (95); 5.44 (5) 

Ra-225 0" 0.32 

Ra-226 a 4.78 (95); 4.59 (5) 

Ra-227 p- 1.30 

Ra-228 p~ 0,02 oract = 36 ± 5 (mean value for reactor 
| neutron fluxes) 

Ra-229 /T 

Ra-230 jS" 1.2 

a NR: natural radioisotope. 
b ny: reaction from which Ra-227 is obtained. 

Note: Cross-sections (<r) are given for thermal neutrons in barns. The arrows show the resulting activation product. 

Energies are given in MeV, with gamma ray intensities expressed in per cent (values in parentheses). 

7 0.241 (5); cracI = 12.0 ± 0.5 NRa 3.64 d 

7 0.040 (60) * 14.8 d 

7 0.187 (4) NRa 1620 a 
aact = 20 + 3 (mean value for reactor 

} neutron fluxes) 

7 0.29 (4); 0.50 (1) nyb 41 min g 
> 

NRa 6.7 a 3 

< 5 min 

1 h 

90 

to 
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smaller amounts of other elements, such as Ti, Nb, Ta, Pa and Zr. This residue 
carries about 99% of the radium contained originally in the ore. 

The processes used by the major radium producers (Union Miniere du Haut 
Katanga, St. Joachimsthal (now Jachymov) and Port Hope, Ontario) for isolation of 
pure radium/barium mixtures (usually sulphates, but nitrates, chlorides and 
bromides as well), which are suitable as starting materials for the final isolation and 
purification procedures, are closely related to the classical Curie-Bemont process. 

1.3.3. Separation of radium from barium 

The final step in the isolation of pure radium is its separation from barium, 
with which it has remained combined through all of the previous separation steps. 
The Ra/Ba separation may be accomplished by one of the following operations: 

— Fractional crystallization of chlorides 
— Fractional crystallization of bromides 
— Fractional precipitation of chromates 
— Fractional crystallization of nitrates 
— Fractional decomposition of trichloroacetates 
— Ion exchange procedures. 

1.4. Natural occurrence of radium 

1.4.1. Main natural sources of radium: decay products 

The main radionuclides present in nature and originating from natural actinides 
come from the 238U and 232Th decay series. These are shown in Fig. 1. Radio
nuclides produced in less than 1 % of the transmutation of the parent nuclide are not 
included. 

The 238U series may be divided into the following subseries. In each sub-
series, the activity of the first member of the subseries controls, to a large degree, 
the activities of the decay products, and the half-lives of the decay products are rela
tively short: 

_ 238TJ _ 2 3 4 T h _ 234pa 

- 234U 

- 230Th 

- 226Ra 

- 222Rn - 218Po - 214Pb - 214Bi - 214Po 
_ 210pb _ 210BJ 

- 210Po. 
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The Th decay series may also be divided into a subseries, as follows: 

- 232Th 

- 228Ra - 228Ac 

- 228Th - 224Ra 

- 220Rn - 216Po - 212Pb - 212Bi - 212Po (64%) - 208Ti (36%). 

The radionuclides in each subseries may be regarded as being in secular 
equilibrium, i.e. all members in each subseries have equal activity. The 222Rn and 
220Rn subseries are typically exceptions, owing to the mobility of radon, a noble 
gas which is often not in secular equilibrium with its decay products in effluents or 
in the environment. 

1.4.2. Distribution of radium in nature 

Owing to their short half-lives, the radium isotopes owe their existence to their 
continuing formation from uranium and thorium isotopes. Thus, uranium and 
thorium bearing substances also contain the natural radium isotopes. 

Owing to the formation of radium from radioactive decay, the distribution of 
radium in nature is expected to reflect the distribution of its parents. Accordingly, 
as a first approximation, it is not so much the chemistry of radium as the chemistry 
of uranium and thorium which determines in what minerals radium is found. 
Nevertheless, the distribution of radium in the Earth's crust and on its surface, and 
the 226Ra/238U ratios (as well as the 224Ra, 228Ra/232Th ratios), show deviations 
from secular equilibrium. These deviations, which are much more marked in the 
biosphere, indicate that the radium isotopes have their own geochemical pathways 
which are both a function of their grandparents and which are independent of these 
grandparents [2, 4-6]. 

To treat radium separately from its parents and daughters is, however, not 
always the best way to inventory its sources, to understand its behaviour and to 
evaluate its impact. Each element of the natural series is unique in some respects, 
all of them are interrelated, and most of them play a role in certain conditions and 
in certain phases of the environmental transfer of radium. The 'upstream' and 'down
stream' implications mentioned above make it mandatory to consider the chemistry 
and the geochemistry of the parents and daughters of radium. This approach governs 
the structure of the following sections, in which the role and importance of radium 
and other elements are evaluated. 



TABLE III. MAIN PHYSICAL AND NUCLEAR CHARACTERISTICS OF THE FIRST ELEMENTS OF THE ACTINIDE 

SERIES [9] 

Atomic 
number 

Name Origin of name 
Year 
discovered 

Symbol 
Atomic 
weight3 

Half-life of 
longest lived 
isotope 

Electronic 
configuration 

Valenceb 2 o r 
z > 
2 

o 

en 

89 Actinium Greek aktis, aktinos 1899 Ac 

90 Thorium Scandinavian god Thor 1828 Th 

91 Protactinium Greek protos and actinium 1913 Pa 

92 Uranium Planet Uranus 1789 U 

93 Neptunium Planet Neptune 1940 Np 

227.03 22 a 

232.038 1.39 x 1010 a 

231.036 3.48 x 104 a 

238.03 4.51 x 109 a 

237.05 2.20 x 106 a 

6d'7s2 

6s27s2 

5f26dl7s2 

5f6dW 

5ff>dxls2 

3 

4 

4,5 

3,4,5,6 

3,4,5,6 

a Atomic weights for Ac, Pa and Np are based on the masses of nuclides that occur naturally on Earth. 
b Boldface indicates predominant oxidation state under normal conditions. 



TABLE IV. PHYSICOCHEMICAL CHARACTERISTICS OF THE FIRST ELEMENTS OF THE ACTINIDE SERIES [9] 

Element 

Ac 

Th 

Pa 

U 

Np 

Melting point 
(°C) 

1050 

1750 

1600 

1132 

637 

Density 
(g/cm3) 

11.72 

15.37 

19.04 

20.45 

Crystal structure 

fccb 

fee 

Tetragonal 

Orthorhombic 

Orthorhombic 

Ionic radii 
(angstroms) 

3 + 

1.11 

1.03 

1.01 

4 + 

0.99 

0.96 

0.93 

0.92 

Oxidation 

O-III 

(~2.6) 

1.80 

1.83 

potentials2 (in V) 

0-IV III-IV 

1.90 

(0.9) 

0.631 

-0.155 

a 
> 
3 
1 
K> 

a Standard oxidation potentials in acid aqueous solution. Estimated values are given in parentheses. See literature for values involving oxidation 
states higher than IV. 

b fee: face centred cubic. 

Note: 1 angstrom (A) = 10"'° m. 
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TABLE V. RADII OF ATOMS AND IONS (IN ANGSTROMS) OF THE ELEMENTS RELEVANT TO THE NATURAL 
DECAY SERIES [10] 

Element Atomic 
number 

Atomic 
radius 

in metals 

Crystal ionic radius 
Covalent 

radius 

i 1/1 

Charge 
1+ 

1.76 

Charge 
2+ 

1.40 

Charge 
3+ 

1.01 
1.03 
1.05 
1.08 
1.11 

Charge 
4+ 

0.92 
0.93 
0.96 
0.99 

Charge 
5+ 

0.88 
0.87 
0.90 

Charge 
6+ 

0.83 
0.83 

Charge 
7+ 

O 
r 

R
I and SN

O
D

G
R

A
SS 

Np 
U 
Pa 
Th 
Ac 
Ra 
Fr 
Rn 
At 
Po 
Bi 
Pb 
Tl 

93 
92 
91 
90 
89 
88 
87 
86 
85 
84 
83 
82 
81 

1.31-1.52 
1.39-1.53 

1.61 
1.78-1.80 

1.88 
2.20 
2.7 

1.67-1.68 

1.55 

1.75 

1.68-1.80 

1.53 

1.52 

1.54 

1.55 
1.20 

1.44 

0.96 

0.95 

0.65 

0.84 

0.57 

0.74 

0.51 

0.56 
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2. CHEMISTRY OF RADIUM AND ITS NEIGHBOURS 

2.1. Chemistry of radium parents 

2.1.1. The actinide series [9] 

Actinium, thorium, protactinium and uranium are the first elements of the 
actinide series, which notably includes neptunium and plutonium. Because electrons 
are added into the inner orbital (5/) in the actinide series, the availability of valence 
electrons is rather uniform throughout the series and results in a similarity in chemi
cal properties (Table DI). 

The chemistry of the actinide series is similar in some respects to that of the 
lanthanide series, but there are important differences. The most significant differ
ences are the absence of the 3+ oxidation state for thorium and protactinium; the 
many oxidation states of uranium, neptunium, plutonium and americium; and the 
absence of the 2+ oxidation state for any member of the series (Table IV). These 
differences are generally attributable to lower binding energies for the 5/ electrons 
of the actinides in comparison with the 4 / electrons of the lanthanides. 

The ionic size of the actinides becomes progressively smaller with increasing 
atomic number (for a given oxidation state) (Tables IV and V [10]), analogous to the 
well known 'lanthanide contraction'. The ionic radii of the actinides are in fact only 
a few angstroms larger than those of the corresponding lanthanides (Fig. 3), so 
similarities in the structures and properties of compounds among the two groups are 
to be expected. 

2.1.2. Thorium 

Before the discovery of the transuranium elements, thorium was placed in the 
secondary subgroup IV elements, with titanium, zirconium and hafnium. Although 
it does resemble these elements in chemical properties, it is now placed in the 
actinide series [11]. The properties of thorium should be similar to those of cerium, 
its lanthanide analogue, insofar as the latter occurs in the 4 4- state. Thorium has, 
however, no 5/electrons, and its properties are more like those of hafnium (Periodic 
Table Group IV) than those of cerium [9]. 

2.1.3. Uranium and other actinides 

Like the five elements following thorium, uranium has many properties not 
seen in the lanthanides. These differences are a result of the multiplicity of oxidation 
states and the stability of some of the higher oxidation states. The complex behaviour 
of these elements is a result of the similarity in energy levels of electrons in the Is, 
6d and 5/ orbitals, and is manifested not only in complex oxidation-reduction 
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FIG. 3. The atomic volumes of the elements (from Gilreath in Ref. 17]). 

behaviour, but also in complicated structures and phase relationship in the solid 
state [9]. 

The electronic configuration of neutral gaseous uranium is (Rn) 5/3, 6d and 
7s2. The common ionic species, U(III), U(IV), U(V) and U(VI), result from the 
5/electrons, being those principally involved in chemical bonding and in the forma
tion of aqueous ions. Details on oxidation potentials and the stability of uranium ions 
and complexes are given in Ref. [12]. 

2.2. Chemistry of radium 

2.2.7. Alkali and alkaline earth metals 

The alkali and alkaline earth metals are listed in Table VI [13], with the most 
important parameters controlling their geochemical distribution. The two last 
elements in these groups, 223Fr (T1/2 = 22 min) in Group A and 226Ra (1620 a) in 
Group IIA, are short lived radioisotopes in the actinium (235U) and uranium (238U) 
series. The geochemistry of the alkali and alkaline earth elements is dominated by 
their ease of oxidation and the ionic nature of their metal-oxygen bonds. 



TABLE VI. MAIN PARAMETERS CONTROLLING GEOCHEMICAL DISTRIBUTION FOR ALKALI AND ALKALINE 
EARTH METALS (AFTER HEIER (REF. [13]), EXCEPT Ra AND Fr DATA, WHICH ARE TAKEN FROM REF. [10]) 

Alkali 
elements 

Li (3) 

Na ( l l ) 

K(19) 

Rb (37) 

Cs (55) 

Fr (87) 

Ionic 
radius 

(1+) 

0.68 

0.97 

1.33 

1.45 

1.67 

1.76 

Group IA 

First 
ionization 
potential 

5.4 

5.1 

4.34 

4.18 

3.89 

— 

Electro
negativity 

0.97 

1.01 

0.91 

0.89 

0.7 

0.65 

Alkaline 
earth 

elements 

Be (4) 

Mg (12) 

Ca (20) 

Sr (38) 

Ba (56) 

Ra (86) 

Ionic 
radius 
(2+) 

0.35 

0.65 

1.01 

1.18 

1.34 

1.40 

Group IIA 

Second 
ionization 
potential 

18.2 

15.03 

11.9 

11.03 

10.00 

10.15 

Electro
negativity 

1.47 

1.23 

1.04 

0.99 

0.97 

0.90 
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With the exception of Mg, and to a much lesser extent Ca and Na, all of 
the alkali and alkaline earth elements are concentrated in the continental crust. With 
the exception of Rb, all of these elements may form miherals. Sodium (Na), 
potassium (K), magnesium (Mg) and calcium (Ca) are major elements (> 1 %) of the 
crust, strontium (Sr) and barium (Ba) minor elements (100-1000 ppm), and the 
others are trace elements (< 100 ppm). 

Trace and minor elements form separate minerals in only a few cases. In major 
silicate rock types, the trace and minor elements are incorporated into the mineral 
structures of the major elements whatever their respective groups. The most impor
tant single parameters controlling these substitutions are ionic size and charge 
(Table VI). Charge differences and the substitution of some other elements occur in 
order to maintain the electrostatic neutrality of the structure. 

Of the various substitution mechanisms, the best known and studied are: 

— Substitution of the trace elements Rb or Cs for K (for which charge balance 
is maintained); the ratios of K/Rb and K/Cs are of interest in identifying the 
origins of minerals; 

— The Rb/Sr ratio and radioactive decay of the natural radioisotope 87Rb to 87Sr 
used for identifying and dating rocks; 

— The geochemistry of Ba, which is completely governed by its replacement of 
potassium in potassium minerals; virtually all of the Ba in the crust is contained 
in potassium feldspars and, to a lesser extent, in micas. 

2.2.2. General considerations on radium chemistry 

Radium is a member of the alkaline earth family and, like barium, strontium 
and calcium, it forms insoluble sulphate, carbonate and chromate salts. The chloride, 
bromide, nitrate and hydroxide salts of radium are soluble in water. In general, 
radium salts are less soluble than are corresponding barium salts, and the first 
method of separation was based on fractional crystallization processes [4]. 

According to Weigel, the chemical properties of radium metal and its solid 
compounds have received relatively little attention, probably because it was believed 
that the alkaline earth element radium should display the same type of chemistry as 
barium [1]. According to the same author, who produced an exhaustive review of 
radium chemistry, aqueous chemistry has received more attention because of its 
importance in separation and isolation procedures and, in particular, Ra/Ba separa
tion was studied to a great extent [1]. 

However, the understanding of radium chemistry and geochemistry, and of the 
mechanisms which control its solid-solution interactions, is still evolving. One key 
to this understanding is whether it is a major constituent, a minor constituent or a 
trace substance in any particular environment. In natural water, its concentration 
as 226Ra varies from high values of 105 pCi/m3 (4 x 103 Bq/m3) in drainage 
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streams for uranium mill tailings to low values of less than 1 pCi/m3 (0.04 Bq/m3). 
On a molar basis, this represents a range of 4 X 10~13M to 4 X 10"18M. The low 
levelof4 x 10~18Mcorrespondstoaveryfewatomsperlitre(2 x 10"6atoms/L). In 
experiments, 226Ra levels of 10"3 to 10"6 mg/L (4 X 10"9M to 4 X 10"12M) are 
often used. In geological materials, its concentration is typically in the range of 
4 x 10~7 by 5 x 10"8 ^g/g [14]. 

At such levels, it is possible that 226Ra behaves as a trace substance whose 
actual chemistry is controlled by co-precipitation with other elements, or by other 
similar processes rather than upon 226Ra acting chemically independent of other 
ions. The result is that die chemistry and geochemistry of 226Ra have to be 
presented primarily in terms of the role of adsorption and the role of co-precipitation 
as controllers upon the aqueous phase-solid phase behaviour of 226Ra. 
Co-precipitation has to be particularly emphasized because of its probable role 
in controlling 226Ra behaviour in uranium mills and the resultant tailings (see Chap
ter 1-1 in Volume 2 of this publication). The difference between the two terms 
'solid solution' and 'solid solution interactions' should also be emphasized for this 
book. Solid solution, also known as co-precipitation, involves incorporation of one 
ion (e.g., 226Ra) into the matrix of a parent crystal. Solid solution interactions 
involve dissolution of a solid phase into a solution phase and its subsequent transport. 

However, as an alkaline earth element, radium has a relatively simple 
chemistry. Only the divalent state is known. Insoluble inorganic radium compounds 
include sulphate and carbonate, 

2.2.3. Radium chemistry: Solubility [15] 

The radium salts of strong acids, such as HC1 and HN03, are quite soluble 
(Table VII [16]). In general, this is also the case of the other alkaline earth cations 
(e.g. BaCl2, Table VII). The sulphate, carbonate and phosphate salts of radium are 

TABLE VII. SOLUBLE SALTS OF 
RADIUM AT 20°C [16] 

Salt Solubility 
(g/100gH2O) 

RaCl2 24.5 

(BaCl2) (30.7) 

RaBr2 70.6 

Ra(NQ3)2 13.9 
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TABLE VIII. SOLUBILITY PRODUCTS (log KSP) OF ALKALINE EARTH 
CATIONS WITH COMMON ANIONS (COMPILED BY SHOESMITH [15]) 

Sulphate Carbonate Phosphate (P04
3~) Phosphate (HPO|~) 

Mg2+ - -7.46 -23.77 -

Ca2+ -4.625 -8.03 -28.70 -6.66 

Sr2+ -6.55 -8.80 -27.39 -7.06 

Ba2+ -10.00 -8.31 -22.47 -7.04 

Ra2+ -10.37 - - -

Note: These values (quoted from Ref. [17]) are not necessarily the most accurate, 
but are representative of the range of published values. Most values are for 
20 or 25 °C and zero ionic strength. 

less soluble (Table VIII [17]) than those of chloride and nitrate (compare Tables VII 
and VIII). The relative order of solubility varies with the anion. For sulphates, the 
solubility decreases in the order 

Ca2+ > Sr2+ > Pb2+ > Ra2+ 

In general, the solubilities of the oxyanion salts are low and the alkaline earth 
cations precipitate in the presence of large concentrations of the anions. The close 
similarity in the solubilities of RaS04 and BaS04 has implications which are consi
dered in Section 2.2.8. 

2.2.4. Radium chemistry: Ion size [15] 

Table IX [18] gives ionic crystal and hydrated ion radii for the alkaline earth 
cations. The crystal radius increases and the hydrated radius decreases from Be2+ 

to Ra2+. The final column in Table IX gives the charge/crystal radius ratio. In the 
case of Be2+ , the high charge density on the ion promotes hydrolysis of beryllium 
salts in aqueous solution. This high charge density confers distinct properties on 
Be2+ compared with the other cations, none of which show any tendency to hydro-
lyse. Consequently, Be2+ does not warrant inclusion in the discussion of the 
properties of the alkaline earth elements and their relationships to 226Ra. 
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TABLE IX. IONIC RADII AND CHARGE RATIO OF ALKALINE EARTH 
CATIONS [18] 

Ionic radii (A) 
Ratio of charge to 

Ion Crystal Hydrated crystal radius 

4.59 6.45 

4.28 3.01 

4.12 2.02 

4.12 1.77 

4.04 1.48 

3.98 1.32 

Be2+ 

Mg2+ 

Ca2+ 

Sr2+ 

Ba2+ 

Ra2+ 

0.31 

0.65 

0.99 

1.13 

1.35 

1.52 

TABLE X. STABILITY CONSTANTS (log Kr)* FOR COMPLEXES OF 
GROUP nA CATIONS WITH INORGANIC ANIONS (COMPILED BY 
SHOESMITH [15]) 

-^ c r ( b ) so4
2- co|- HPO4

2-

Mg2+ 1.8 0.6 

Ca2+ 1.0 

Sr2+ 

Ra2 

0.45 -0.13 

2.27c 

2.28° 

2.55d 

2.30d 

2.43d 

3.4° 

3.2C 

— 

— 

2.48d 

2.50' 

2.70' 

a Kx = [M4]/[M2+][/4n"] dm3/mole, where [ ] denotes the concentrations. 
b Ref. [19] (conditions not given). 
c Ref. [17] (T = 25°C; ionic strength (I) = 0). 
d Ref. [20] (T = 25°C; / = 0). 
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TABLE XI. STABILITY CONSTANTS (log ^ ) a FOR COMPLEXES OF 
GROUP IIA CATIONS WITH ORGANIC LIGANDS (COMPILED BY 
SHOESMITH [15]) 

Oxalate Tartarate" Citrate0 EDTAd DTPAdc 

Mg2+ 3.43 1.36 3.2 9.12 -

Ca2+ 3.00 1.80 3.15 11.0 10.63 

(2.80) 

Sr2+ 2.54 1.94 2.70 8.80 9.68 

Ba2+ 2.31 1.62 2.54 7.78 8.63 
(2.54) 

Ra2+ 1.2f 1.24 2.36 7.07g 8.5s 

a See Table X. 
b Values recorded in 0.2 dm3/mol KC1. 

Values in brackets are for / — 0 (Ref. [17]). 
c M2+ + HL3' ^ MHV (Ref. [17]). 
d Ref. [17]. 
e Diethylenetriaminepentaacetate. 
f Estimated (Ref. [21]). 
8 Ref. [22]. 

2.2.5. Radium chemistry: Complex formation [15] 

As expected, the tendency to form complexes decreases as the cation size 
increases. This is not so obvious for complexation with inorganic anions (see 
Table X [19, 20]), but is more so with organic ligands (see Table XI [21, 22]). 
Complexation by inorganic anions is generally weak as compared with complexation 
by organic acids, with radium showing the least tendency to form complexes. The 
smaller than expected complexation constant for Mg2+ with ethylenediaminetetra-
acetic acid (EDTA) is due to stearic crowding, the small Mg2+ ion having difficulty 
accommodating the four carboxylate groups. 

2.2.6. Radium chemistry: Adsorption [15] 

Adsorption and ion exchange processes will be particularly important in deter
mining the rate of radium transport in any groundwater/soil system. If only 
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electrostatic factors are important, then all of the alkaline earth cations should have 
the same tendency to absorb or 'ion exchange'. However, there is a well defined 
selectivity or affinity series, which has been derived theoretically by Eisenmann [23]. 
He considered the consequences of the assumption that cation exchange equilibria 
are dominated by (a) coulombic interactions between cations (in various states of 
hydration) and the fixed groups of the exchanger material; and (b) ionic hydration 
effects caused by ion-dipole interactions with water molecules. 

When ionic hydration effects predominate, the ions of smaller hydrated radius 
tend to displace ions of larger hydrated radius, and the affinity series for adsorption 
(or ion exchange) can be written (see Table IX) as: 

Cs+ > K+ > Na+ > Li + 

for 1+ elements and 

Ra2+ > Ba2+ > Sr2+ > Ca2+ > Mg2+ > Be2+ 

for 2+ elements. Although Ra2+ was considered by Eisenmann [23], its small 
hydrated radius (see Table IX) would place it at the head of the affinity series, as 
indicated. If coulombic interactions between cations and the exchange site 
predominate, then the selectivity is reversed. 

2.2.7. Radium chemistry: Thermochemical and electrochemical properties 

Thermochemical data have been published for radium and several radium salts 
(see Refs [1,24]) and compiled by Riese [25] and Langmuir and Riese [14]. These 
data are taken from a number of earlier sources. They are internally consistent, being 
developed within a framework of estimating values for 226Ra when none have been 
measured from other cations in the sulphate and carbonate systems. However, they 
have not been checked for compatibility with the values of the thermodynamic 
parameters listed in Tables VII, VIII, X and XI. A more in-depth review of the 
electrochemical behaviour of radium can be obtained from the review work of 
Toshima [26]. 

2.2.8. Radium chemistry: Co-precipitation 

Radium may co-precipitate during the formation of a host crystal in a kineti-
cally or equilibrium controlled manner. A detailed analysis of the differences 
between these two processes is given in Chapter 1-1 in Volume 2 of this publication; 
the main difference is that the radium composition is uniform throughout an 
'equilibrium controlled' crystal, whereas the radium composition varies with depth 
in a 'kinetically controlled' crystal. At present, there is no method for predicting 
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TABLE XII. DISTRIBUTION COEFFICIENTS (D) AND RATIONAL 
ACTIVITY (7) COEFFICIENTS FOR TRACE RADIUM CO-PRECIPITATION 
IN VARIOUS METAL SULPHATES [14] 

Metal sulphate D (25°C) D (100°C) 7 (25 °C) 7 (100°C) 

CaS04 (anhydrite) (800)a (40)a (29.8)a (5.6)a 

SrS04 (celestite) 280 30 215 69 

PbS04 (angelsite) 11 3 26.8 8.4 

BaS04 (barite) 1.8 0.90 1.11 0.75 

a Estimates. 

whether equilibrium or kinetic conditions will be exhibited by a particular environ
mental or geochemical system. One can generally direct the system in a laboratory 
setting towards kinetic or equilibrium control by the method used to force precipita
tion of the host crystal. 

In uranium mills, it is expected that radium would be kinetically controlled 
owing to the rapid conditions of precipitation. This would result in radium in tailings 
piles also being kinetically controlled. However, in groundwater systems with longer 
time scales, equilibrium conditions should exert control, provided the mineral forma
tion process was relatively slow. 

It is plausible that tailings may also approach equilibrium conditions over time-
scales of decades, provided that the mill formed crystals completely dissolve and 
reprecipitate. However, if they do not dissolve, they will remain kinetically 
controlled because solid state diffusion will not redistribute the radium content as a 
function of depth within a decades-long time-frame. 

The distribution coefficients of radium in various metal carbonates and 
sulphates are given in Table XII. The formalism used is that the molar fraction of 
radium in the host crystal is equal to the distribution coefficient times the molar ratio 
in the pore water of radium to the metal ion. The rational activity coefficient is the 
coefficient relating the activity of radium in the solid phase to its molar ratio. 

2.3. Chemistry of radon [5] 

2.3.1. Physical and nuclear characteristics 

Radon (symbol Rn), the daughter of radium, is one of the rare or 'noble' gases. 
Its electronic configuration [Xe core] is 4/14, 5d\0, 4s2, 6p6. In general, the name 
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TABLE XIII. NATURALLY OCCURRING ISOTOPES OF RADON [5] 

Mass Common name Half-life Nature and energy (in MeV) of decay 

222 Radon 3.825 d a, 5.48 

220 Thoron 54.5 s a, 6.28 

219 Actinon 3.92 s a, 6.82, 6.56, 6.43 

radon refers to Rn; other isotopes are further denoted by their common names or 
mass numbers (Table XIII). 

2.3.2. Chemistry 

Owing to the absence of reactivity, no minerals or compounds of radon are 
definitely known and, owing to its huge atomic radius (Fig. 3), the gas is readily 
adsorbed (for instance on charcoal and silica gel). It is also fairly soluble in water. 

As shown in the section devoted to geochemistry, the gaseous properties of 
radon can constitute a disruptive process in the environmental behaviour and migra
tion of the last members of the uranium, thorium and actinium series. The most 
marked effect is on the uranium decay chain, because its proper noble gas element 
(222Rn) has the longest half-life. 

3. GEOCHEMISTRY OF RADIUM AND ITS NEIGHBOURS 

3.1. Geochemistry and other characters of elements relevant to the 
actinide decay chains 

3.1.1. General geochemical characters [7] 

The geochemical character of an element is largely governed by the electronic 
configuration of its atoms, and hence is clearly related to its position in the Periodic 
Table (Figs 2 and 4 [27]). 

Lithophile elements (Goldschmidt's term for elements with an affinity for sili
cates) are those that readily form ions with eight electrons at the outermost level 
(Groups IA and HA). 

Chalcophile elements (with an affinity for sulphur) are those in the B sub
groups, with 18 electrons in the outer levels. 
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Siderophile elements (with an affinity for metallic iron) are those of 
Group VIII, together with some surrounding elements (like gold (Group IB) and, on 
the opposite side, rhenium (Group VUA), as well as Mo and W (Group VIA)). 

Goldschmidt also pointed out the marked correlation between geochemical 
character and atomic volume. Figure 3 is based on Lothar-Meyer's original diagram 
and indicates the periodic variation of atomic volume with atomic number. Side
rophile elements are near the minima on the curve. Lithophile elements are near the 
maxima and on the portions of the curve with negative slope. The chalcophile 
elements are those in which atomic volume increases with atomic number; they are 
followed by the atmophile elements. 

The ionization potential increases from left to right in each period and from 
the bottom to the top in each group. Helium has the highest ionization potential. The 
electronegativity increases from left to right in each period and from the bottom to 
the top in each group. Fluorine is the most electronegative element, francium is the 
most electropositive. The metallic character decreases from left to right across each 
period and increases from top to bottom in each group. Francium is the most metallic 
element. Metallic character and electronegativity are inversely related. The metals, 
on the left of the Periodic Table, form basic oxides, and the non-metals, on the right, 
form acidic oxides. 

3.1.2. Geochemical characters of the actinide decay chain elements 

Going up the decay chain of radium, all of the elements belong to the actinide 
series, the chemistry of which is summarized in Section 2.1. The upper part of the 
top of each uranium series (238U and 235U decay chains) involve three elements with 
similar chemical behaviour (uranium, protactinium and thorium). However, marked 
differences in chemical behaviour can appear 'downstream' of thorium for the three 
chains. 

Actinium should show marked differences from other actinide elements, so 
much so that, according to Wampler, some authors reject the concept of an actinide 
series [9]. If, for the 'uranium series' (238U), the decay chain might be considered 
to 'jump over' actinium, this is not the case for the other two chains. 

It should be noted that, in addition to the actinium step (T1/2 = 22 a), the 
235U decay series contains a 1.2% shunt through francium (T1/2 = 22 min), the 
chemical behaviour of which (Group IA) is sharply different (see Sections 2.2.1 and 
3.1.1). 

Whatever the intermediate stages, the three series show two consecutive 
disruptive changes in chemical behaviour which result from conversion from actinide 
series into the alkaline earth metal element (radium), and then into noble gases 
(radon). From the point of view of Goldschmidt's classification, if the first transition 
keeps the daughters in the lithophile class, the second one shifts the ends of the series 
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through the atmophile class (radon) into the chalcophile class (polonium, bismuth 
and lead). 

3.2. Sources of uranium and thorium radioisotopes 

3.2.1. Abundances 

It can be inferred from meteorite values, theoretical considerations of nuclear 
stability and direct measurements of terrestrial rocks that the primordial uranium 
concentration of the inner solar system should be 0.14 ppm or higher. If no 
subsequent uranium removal has occurred, the present day concentration is 
0.054 ppm [12]. According to Wood (in Ref. [11]), thorium concentrations in 
ordinary chondrites (a meteorite rock) are of the order of 0.04 ppm, and the average 
Th/U ratio for chondrites is 3.6. 

Although the 'initial' abundance of elements in the cosmos decreases with the 
atomic number Z (and starts to be noticeably constant beyond Z = 45), and in spite 
of their radioactive decay, uranium and thorium are fairly abundant in the terrestrial 
crust when compared with many other elements (Table XIV); this occurs, in part, 
because, as lithophiles, they concentrate in the Earth's crust [27]. 

Naturally occurring thorium consists of a single isotope, 232Th, with a half-
life of 14 200 million years. Naturally occurring uranium consists of the two 
isotopes 238U (T1/2 = 4510 million years) and 235U (T1/2 = 713 million years), 
with relative abundances at the present time of 99.27% and 0.72%, respectively. 
Since 235U decays more rapidly than 238U, and since 238U decays faster than 232Th, 
all three isotopes would have been much closer in respective abundance near to the 
time of formation of the Earth. 

3.2.2. Comparative geochemical behaviour of uranium and thorium 

The geochemistry of thorium is simplified by the existence of only one valence 
state, 4+, its ionic radius of 0.99 A, its high charge and its lack of participation 
in redox reactions. Because thorium in solution is such a small, highly charged 
cation, it undergoes extensive interaction with water and many anions. Thus the solu
tion chemistry of thorium is primarily a study of its complex ions [11]. 

The occurrence of primary uranium minerals in igneous rocks is partially con
trolled by the oxidation state of uranium in the melt. Uranium (IV) compounds are 
insoluble in water and crystallize as primary minerals from wet granitic magmas. 

Under oxidizing conditions, such as in near surface environments, uranium 
exists in the (VI) state. This higher valence produces soluble complexes which are 

' 1 angstrom (A) = 1 nm. 
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TABLE XIV. ABUNDANCE OF ELEMENTS IN THE EARTH'S CRUST 
(IN g/t) [27] 

1. H 
3. Li 
4. Be 
5. B 
6. C 
7. N 
8. O 
9. F 

11. Na 
12. Mg 
13. Al 
14. Si 
15. P 
16. S 
17. CI 
19. K 
20. Ca 
21. Sc 
22. Ti 
23. V 
24. Cr 
25. Mn 
26. Fe 
27. Co 
28. Ni 
29. Cu 
30. Zn 
31. Ga 
32. Ge 
33. As 
34. Se 
35. Br 
37. Rb 
38. Sr 
39. Y 
40. Zr 
41. Nb 
42. Mo 
44. Ru 

1400 
20 
2.8 

10 
200 

20 
466 000 

625 
28 300 
20 900 
81 300 

277 200 
1 050 

260 
130 

25 900 
36 300 

22 
4 400 

135 
100 
950 

50 000 
25 
75 
55 
70 
15 
1.5 
1.8 
0.05 
2.5 

90 
375 

33 
165 
20 

1.5 
0.01 

45. 
46. 
47. 
48. 
59. 
50. 
51. 
52. 
53. 
55. 
56. 
57. 
58. 
59. 
60. 
62. 
63. 
64. 
65. 
66. 
67. 
68. 
69. 
70. 
71. 
72. 
73. 
74. 
75. 
76. 
77. 
78. 
79. 
80. 
81. 
82. 
83. 
90. 
92. 

Rh 
Pd 
Ag 
Cd 
In 
Sn 
Sb 
Te 
I 
Cs 
Ba 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 
Hf 
Ta 
W 
Re 
Os 
Ir 
Pt 
Au 
Hg 
Tl 
Pb 
Bi 
Th 
U 

0.005 
0.01 
0.07 
0.2 
0.1 
2 
0.2 
0.01 
0.5 
3 

425 
30 
60 

8.2 
28 

6.0 
1.2 
5.4 
0.9 
3.0 
1.2 
2.8 
0.5 
3.4 
0.5 
3 
2 
1.5 
0.001 
0.005 
0.001 
0.01 
0.004 
0.08 
0.5 

13 
0.2 
7.2 
1.8 
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highly mobile and unlikely to sustain crystal growth, except at quite high solution 
concentrations. Reducing environments would precipitate uranium (IV) [12]. 

Under most magmatic conditions, uranium and thorium are geochemically 
coherent due to similarities in oxidation state and ionic radius. However, the same 
two properties prohibit geochemical coherence of both with the more common 
elements that appear in ultrabasic and basic rocks [12]. 

In many terrestrial materials, U and Th are found in late stage minerals and 
as minute U and/or Th bearing phases along boundaries, crystal defects and other 
similar sites. When exposed to percolating groundwater, the U(IV) is oxidized 
to soluble U(VI) and transported as U02[2+], U02(C03), U02(C03)2[2], or 
U02(C03)3[4-], whereas Th(IV) is unaffected by this oxidation and remains at, or 
close to, the site of uranium removal. Should Th be transported in a colloidal form, 
or as particulate matter, exposure to water will result in precipitation because the 
solubility product constant for Th(OH)4 is approximately 10~35. This is so efficient 
that even 230Th formed from the decay of its parent 238U will be removed from 
solution under many conditions [28]. 

3.2.3. Mechanisms of distribution in nature 

Uranium minerals are chemically weathered to soluble U(VI) complexes and 
carried by river water downstream to the oceans, while the primary mode for trans
port of thorium from the continents to the oceans follows the detrital phase [11, 12]. 
While the residence time for thorium in sea water is only approximately 
300-350 years, owing to its poor solubility and scavenging effects mentioned in 
Section 3.2.2, uranium remains soluble in the sea (as carbonate and other 
complexes) and has a residence time in sea water of some 500 000 years [28]. 

Precipitation of uranium can occur easily by reduction to insoluble U(IV). 
Thus, environments in which carbonaceous and bituminous shales form are particu
larly favourable for U removal by reduction of U(VI) to U(IV). Lignites are also 
enriched in uranium, some as U(IV), as expected, and some as U(VI) because the 
latter form can easily be scavenged by 'coaly' material without reduction. This 
accounts, in part, for the high U content of such rocks. In the case of phosphatic 
rocks, co-precipitation of U(IV) with Ca[2+] is likely owing to their very similar 
ionic radii, but the exact mechanism for the reduction of U(VI) to U(IV) in these 
rocks is not known [28]. 

As expected, the Th/U ratio in nature varies widely. In rocks from which U 
has been removed, high Th/U ratios result; conversely, in rocks precipitated under 
chemically reducing environments far from suspected source rocks, U is enriched 
over thorium. Thus, above average Th/U ratios are observed in continental 
sediments, especially in laterites and other residual deposits. Low Th/U ratios are 
found in chemically precipitated marine sedimentary rocks, such as evaporites and 
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limestones, and extremely low Th/U ratios are found in carbonaceous rocks 
(Table XV) [28]. 

3.3. Radium 

3.3.1. Relationships with parents and time-scales [4] 

The geochemistry of radium depends on the isotope and die time-scale of 
interest. Accordingly, in minerals where Ra occurs independently of U, practically 
all of the Ra (the longest lived is 226Ra, at 1622 a) will decay after about 16 000 a. 
In geological terms, this is a short time which, in retrospect, comprises only the 
Holozene and the latest (Wiirm) glaciation period. 

Radium rarely occurs alone, but as a rule is generated by the decay of U. Thus, 
all of the geologically old minerals and rocks contain measurable quantities of Ra 
depending on the amount of parents initially present. As the 235U fraction is only 
0.71%, compared with 99.28% for 238U, the amount of 223Ra (T1/2 = 11.7 d) 
generated from uranium is negligible compared with 226Ra [6]. Conversely, it has 
been shown recently [29] that the assumption that the 232Th series is not as abundant 
as its 238U series analogues has to be questioned in environmental studies (see 
Section 4.1). 

If no separation takes place for 10 000 a, the geochemistry of 225Ra 
(238U decay chain; T1/2 = 1620 a) is entirely governed by its parent, 230Th. Like
wise, separation must occur in less than 50 a for 228Ra (thorium decay chain; 
T1/2 = 6.7 years) not to be in radioactive equilibrium with its parent, 232Th. 
However, in nature even short term equilibrium may not be reached because of the 
selective leaching of radium or thorium, or due to U enrichment. Such situations 
occur mainly in recent volcanic rocks, recently weathered and altered rocks, natural 
water, recent sediments and evaporites, and in the biosphere where the separation 
of a radium isotope from its parent may be expected [4]. 

3.3.2. Geochemistry of radium: Deposits and rocks 

Radium manifests chemical properties similar to the other alkaline earth 
elements of Group HA to which it belongs (see Section 2.2). However, its low 
natural abundance of —10"12 g/L in surface water rarely allows Ra salts to reach a 
solubility product concentration in natural water. Therefore, the important chemical 
reactions are those of adsorption to active surfaces of all kinds and co-precipitation 
with Ca and Ba salts in particular. For example, radiobarite is a well known 
secondary mineral commonly found near some oxidizing uranium deposits. 

For the same reasons, namely that the average natural abundance of radium 
in rocks is around 10~12 g/g, and that radium is a lithophilic element like uranium, 
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TABLE XV. URANIUM AND THORIUM CONCENTRATIONS IN ROCKS 
[28] 

Type of rock 
U 

Concentration (ppm) 

Th Th/U 

Igneous rocks 

Acidic rocks (granites, etc.) 
North America 
World 

Intermediate rocks 
North America 
World 

Basic rocks 
North America 
World 

4 
3.5 

2.6 
1.8 

0.8 
0.8 

13 
18 

10 
7 

5 
3 

3.2 
5.1 

3.8 
3.9 

6.2 
3.7 

Average for all igneous rocks 10 3.3 

Sedimentary rocks 

Placers (with U, Th minerals) 
Sandstones 
Shales (average) 
Grey-green shales, USA 
Bentonites, USA 
Bauxites 
Residual clays 
Shales, USSR 
Carbon bearing shales 
Limestones 
Limestones, USA 
Limestones, USSR 
Phosphate rocks 
Lignites, coals 

2 
0.5-1 
3.7 
3.2 
5 
9.3 
1.8 
4.1 
50-80(+) 
1.3 
2.2 
2.1 
2.1(+) 
To 10 000 

60 
2-5 
12 
13.1 
24 
53.1 
13 
11 
— 

1.1 
1.1 
2.4 

— 
— 

30 
— 

3.2 
4.1 
4.8 
5.7 
7.2 
2.6 

— 
0.9 
0.5 
1.1 

— 
— 

radium does not form minerals of its own, but is much dispersed and substitutes for 
other elements in newly generated minerals. 

Although radium concentrations are extremely low in matrix rocks, it has been 
shown that radium daughters are more concentrated in microfractures and along 
grain boundaries (see Starik et al. in Ref. [30]). This first step of a separation of Ra 
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from its uranium bearing rock is commonly thought to be due to the fact that Ra[2+] 
is a large cation (1.4 A), relative to U[4+] (1.04 A), and is metastable in the struc
ture of such minerals as uranitite and coffinite. The loss of radium probably occurs 
by diffusion in the original host mineral and by diffusion through the water layer 
adsorbed on the grain surface, and hence into solution. Apparently, the radiation 
damage caused by the recoil of an atom when it undergoes alpha decay permits the 
increased mobility of daughters and increased solid state diffusion of Ra[2+] [28]. 

3.3.3. Geochemistry of radium: The respective mobilities of Ra and U in the 
hydrosphere [28] 

Ra[2+] is moderately soluble in natural water, although a high S04[2-] 
content will favour its removal as mixed sulphate crystals, such as Ba(Ra)S04, or, 
for high C02 water, removal as (M,Ra)C03. High sulphate concentrations may 
provide for the formation of RaS04, although rarely do Ra2+ concentrations 
approach the solubility limit. Radium in solution is not strongly dependent on anionic 
species. It is known to form sulphate complexes, but not carbonate complexes [20]. 

Conversely, uranium is strongly influenced by the presence of anions, espe
cially dissolved C02 species. In general, the higher the dissolved C0 2 content, the 
greater the solubility of U(VI). Both U and Ra are enriched in low and high pH 
water, hence such water is commonly more radioactive than water at intermediate 
pH levels. 

The removal of Ra and U from solutions can occur by hydrolysis, adsorption, 
breakdown of complex ions, reduction of U(VI) to U(IV) and the formation of 
insoluble salts. For U, the formation of U(VI) bearing minerals, such as carnotite, 
is an effective way of scavenging U without reduction. For Ra, co-precipitation with 
Ba salts is common and some co-precipitation with Ca, Mg, and even Fe and Mn, 
occurs. 

3.3.4. Geochemistry of radium: Separation of Ra from its parent elements 

In the weathering of minerals and rocks, leaching processes which are impor
tant for the liberation of Ra may affect the separation of Ra from its parent element 
uranium. The deficiency of Ra (compared with U) in the groundwater is caused by 
the ionic forms of both elements, U as anion complexes, Ra in ionic form. Only in 
petroleum water is the equilibrium ratio of Ra/U shifted in favour of Ra, because 
U is extracted from the water by the petroleum and, further, is leached intensively 
from the surrounding rocks under the conditions of petroleum generation [6]. 

In surface water, the separation of Ra from U is particularly striking. In sea 
water, the Ra content is only about 10-15% of the secular equilibrium value with 
uranium because sea water and much other natural water are depleted in Ra owing 
to its incorporation into sediments by the parent, 230Th. Thorium is insoluble as 
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Th(OH)4 and the radium formed is trapped in the sediments. Nevertheless, some of 
it is leached and it returns to sea water, accounting for the slightly low Ra/230Th 
ratio commonly noted in sea bottom sediments (see Gera in Ref. [28]; see also 
Section 4.3). In other surface water, such as lakes and rivers, radium is out of 
equilibrium with its parents (238U, 230Th) owing to the differential dissolution of U, 
230Th and 226Ra during weathering in the watershed. 

3.3.5. Geochemistry of radium: Environment [30] 

The environmental distribution of radium varies depending on its origin. 
Nevertheless, according to Dyck and Jonasson, the processes affecting distribution 
can be analysed by referring to the following main (oversimplified) equations: 

Ra2+ + Ba2+ + Ca - (clay) - Ca2+ + Ra - (clay) - Ba adsorption, 

*Ca2+ + (l-;t)Ra2+ + MC03 — Ca^Ra!_xC03 + M2 + co-precipitation, 

Ra2+ + S04
= — RaS04 surface reaction, 

Ra2+ + 2C1" — RaCl2, etc.... soluble species. 

The scavenging effects of clays, organic debris and hydrous oxides (see 
Section 3.3.4) outweigh the dissolution of Ra by chloride in the surficial environ
ment and result in a net deficit of Ra in stream water entering the oceans. 

3.3.6. Radium distribution in nature 

This subject is treated in full in Chapter 2-2 of this volume. 

3.4. Emanation of gaseous daughters (the radon elements) 

3.4.1. The emanation gases, their time-scales and their effective mobility 

Since the half-life of 222Rn is far greater than the half-lives of the other radon 
isotopes, it is easiest to measure and hence is the isotope considered in most detail 
in the geochemistry of emanation. In a closed system, for a time-scale greater than 
one month, the geochemistry of radon is entirely the geochemistry of its parent, 
radium. That is, if there is no separation, a sample of 226Ra will produce an 
equilibrium amount of 222Rn in about five radon half-lives, or 20 days. Such radon 
is said to be 'radium supported'. 

Owing to their specific properties, including non-reactivity and a gaseous 
form, a marked separation of emanating daughters from their parents has to be 
expected. However, owing to the short half-lives of all of the emanation isotopes, 
their migration in non-advective media is quite limited. From the many diffusion 
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studies carried out it can be concluded that, in porous media and even in water 
masses with limited agitation or turbulence, diffusion alone cannot 'move' Rn 
beyond about 8 m within the lifetime of the longest lived 222Rn atom. In the same 
way, thoron rises less than 10 m into the atmosphere above the soil surface because 
of its short half-life of 54.5 s [30]. 

3.4.2. Geochemistry of emanation: Rocks [30] 

The escape of radon from solids has been studied by numerous workers. 
Various terms, such as 'emanation power' and 'emanation coefficient', have been 
applied to this phenomenon. All terms refer to the fraction of the percentage of the 
total generated radon that escapes from a solid. Typical values and ranges are illus
trated in Fig. 5. Virtually all generated Rn would decay within the crystal lattice of 
the solid or the pore spaces within the solid. The escape of Rn from solids occurs 
mainly through direct recoil, indirect recoil and diffusion. Inside a numeral grain, 
a recoiling Rn atom has a range of 20-70 nm, or roughly 200-700 layers of Si atoms. 

Tanner (in Ref. [30]) examines these mechanisms in some detail, but finds that 
none can account for an emanation power much greater than a few per cent. He 
concludes that any appreciable emanation of Rn atoms comes from Ra distributed 
in secondary crusts or films, or in the shallow surface layers of intact crystals of the 
host minerals. Leaching experiments convinced Starik (in Ref. [30]) that successive 
recoils and natural weathering have caused Ra to coat the surfaces of capillaries and 
intergranular boundaries from where Rn can escape much more efficiently into the 
soil. 

£ 5 3 3 15 1 1 4 1 3 3 1 4 1 5 Samples 
o 30 

FIG. 5. Rn escape to production ratios (emanation coefficients) in rocks and typical 
values and ranges (a: average) [30]. 
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3.4.3. Geochemistry of emanation: Porous media [30] 

The conditions in groundwater change from a depth to the surface. From 
reducing conditions (at depth) to oxidizing conditions (at the surface), the rate of 
weathering of U in ores increases and, in groundwater which enters the upper zone 
of oxidation, accumulations of Ra are particularly prominent. The reasons for this 
accumulation near the surface are the following: 

(1) As Fe and Mn oxides precipitate, adsorbed Ra is co-precipitated; 
(2) Deep water usually contains large amounts of C02 and bicarbonate, which 

escape when the water reaches atmospheric pressure. This C0 2 loss causes 
Ca and Mg carbonates to precipitate, again carrying Ra down with them. 

Illustrations of such a cascade of separations (U — Ra— Rn) are given for mineral 
springs, bore holes and freshwater networks by Dyck and Jonasson [30]. 

For soil, it has been noted that an increase in the temperature and moisture 
contents increases the emanation power. This has been attributed mainly to a surface 
effect, in which water molecules displace and dissolve adsorbed Rn atoms. 

3.4.4. Geochemistry of emanation: Open systems [5] 

Groundwater, and even river water, are generally enriched with 222Rn over 
its parent 226Ra. This observation has been used jointly with atmospheric measure
ments at the atmosphere-soil interface to locate 226Ra bearing rocks. 

Atmospheric measurements of 222Rn, and even 220Rn, have been applied to 
studies of the movement of air masses. Since air over continents contains more radon 
than oceanic air, the source and movement of air masses near a land-sea boundary 
may be inferred from the radon content of the air. Radon also has potential applica
tion to oceanic studies through large scale discontinuities in radon concentrations 
found at air-sea and sea-sediment interfaces (see Section 4.3). 

3.4.5. Distribution in nature 

The interest in radon as a specific, sensitive pathfinder for buried uranium 
deposits generated a large number of studies on radium distribution in nature. A 
critical review of these studies has been prepared by Dyck and Jonasson [30]. 

The background concentration of radon varies considerably and depends 
not only on the amount of Ra present in the vicinity, but also on the emanation 
efficiency of the substrate. The following ranges have been proposed by Dyck and 
Jonasson [30]: 

— In lakes, 0-5 pCi/L (0-0.2 Bq/L); 
— In streams, 5-100 pCi/L (0.2-4 Bq/L); 
— In wells and springs, 100-1000 pCi/L (4-40 Bq/L). 
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These authors consider that any deviation by a factor of 10 or more from the above 
may indicate uranium mineralization or accumulation of radium due to earlier chemi
cal leaching, transport and redeposition. 

4. GEOCHEMICAL INTERPRETATIONS OF THE ENVIRONMENTAL 
BEHAVIOUR OF RADIUM 

4.1. Radium and radon activities in groundwater supplies [29] 

Studies to resolve the nature of the relationship between radium isotopes in 
groundwater have awaited the development of analytical techniques capable of 
accurately measuring, notably through gamma spectrometry, the radium activities in 
a large number of samples. Recent investigations have been carried out on the aquifer 
in the terrigenous clastic deposits of the South Carolina (USA) coastal plain. The 
relationship between two radium isotopes (228Ra and 226Ra) from, respectively, the 
232Th and 238U series, and between parent and daughter (226Ra and 222Rn) from the 
latter were examined in order to determine the controls on the absolute and relative 
activities of these nuclides in groundwater. 

The observation of temporal stability of radium isotope concentrations in 
groundwater from different wells located in a small area (the absolute and relative 
activities of 228Ra and 226Ra are distinct, but constant) suggests that the sources 
of the radium isotopes are probably located close to the bore hole, and that equilib
rium is rapidly achieved between the liquid and solid phases for radium (see 
Section 3.3.3). It has been observed that the 222Rn/226Ra ratio decreases with 
increasing 226Ra and 222Rn contents, implying that the farther the sampling point is 
from an area of enriched 226Ra, the higher the 222Rn/226Ra activity ratio of the 
groundwater. These data suggest that the scale length of 222Rn migration in ground
water transport may be greater than that of 226Ra, despite the much longer half-life 
of 226Ra. It appears that the transport of radium by groundwater may be extremely 
limited owing to continual exchange with aquifer solids. 

The median 228Ra/226Ra activity ratio (1.25) for groundwater is close to the 
estimated average crustal 232Th/238U activity ratios of 1.2-1.5, corresponding to 
average crustal Th/U weight ratios of 3.5-4.5. The regression lines obtained from 
the numerous results gathered show: 

(a) A lack of regionally significant trends in the 228Ra/226Ra activity ratios of the 
groundwater within and between the geological provinces that would indicate 
a similar distribution of thorium and uranium in aquifer solids, in support of 
the previous results; 

(b) The 228Ra/226Ra activity ratio decreases with increasing 228Ra and 226Ra 
contents. This implies that if the radium isotopic contents of groundwater 
paralleled the distribution of thorium and uranium in the aquifer solids, the 
Th/U ratio of the aquifer would decrease with increasing Th and U contents. 
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However, without doubt the most important effect of the correlation observed: 

log 228Ra = 0.79 log 226Ra (r = 0.83) 

was the questioning of the premise that the 238U series radium isotopes dominate the 
radium isotopic content of groundwater. 

4.2. Disequilibria of uranium series decay products in groundwater flows [31] 

4.2.1. The 'roll front cycle' and the formation of secondary uranium ore bodies 

The formation of a uranium deposit requires a suitable source of uranium and 
a favourable depositional environment in the host rock. Among the various types of 
uranium deposits, the 'roll fronts' in clastic detritic rocks (i.e. sandstones) are the 
products of moving fronts which are generated as groundwater moves through 
permeable zones, from higher to lower hydraulic potential. In such systems, 
'up-flow' water derives from infiltration of meteoric and surface water where the 
Eh (redox potential) and pC0 3 values are favourable for the dissolution and mobili
zation of uranium as the complexed uranyl [U(VI)] species. It is customary, despite 
the dangers of oversimplification, to refer to this up-flow water as being 'oxidizing'. 
Because the host formation itself is usually reducing, i.e. contains organic matter or 
sulphide material, water which has resided underground for long periods of time 
itself becomes reduced. The front, therefore, may be regarded as a reaction zone 
between aquifer rock and groundwater, where oxidizing water reacts with reducing 
rock, with the result that both are changed. 

Roll front deposits of uranium result from two mechanisms: (a) the cycling of 
uranium atoms from the oxidized to the reduced (precipitated) state; and (b) as the 
front moves, from the recycling of the precipitated uranium atoms which are then 
located back in the oxidized zone, where they can again become oxidized and mobi
lized. In fact, one can consider that uranium enters the 'front zone' of the system 
from either of two directions: as a primary constituent of the aquifer rock, or as a 
dissolved constituent of the meteoric water. Then, in the front zone, the uranium is 
trapped and recycled, sometimes producing an economic accumulation. Since 
isotopic measurements in the front zone have shown significant contrasts, research 
has been carried out in order to examine whether these isotopic variations are indica
tive of the proximity and stage of evolution of these deposits. 

4.2.2. Disequilibria mechanisms in a solid phase matrix — Isotopic fractionation 
between 23SU and 234U 

The isotopic fractionation between 238U and 234U is of particular importance 
in any further consideration. The uranium series, which begins with 238U 
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(T1/2 = 4.49 X 109 a), which constitutes 99.3% of the mass of any natural 
uranium, passes through uranium (234U, T1/2 = 2.48 X 105 a) as a consequence of 
the decay sequence alpha-beta-beta through two short lived daughters, 234Th and 
234Pa. The observed fractionation between 234U and 238U is generally ascribed to 
selective leaching and alpha recoil into the aqueous phase and to their combination. 

Selective leaching involves the preferential mobilization of 234U relative to 
238U, resulting from the higher vulnerability of 234U to extraction from a lattice in 
the solid phase. This preferential mobilization of 234U may be brought about by 
(a) lattice damage induced by radioactive decay; (b) location of daughter atoms in 
weakly bound or interstitial sites; and (c) oxidation of 234U to the 6+ valence state 
as a result of the recoil within the lattice. The recoil energy associated with the alpha 
decay is more than adequate to break chemical bonds, as well as to ionize 234U to 
higher valence states by stripping two of its electrons. 

Direct alpha recoil from the solid into the aqueous phase is also considered to 
be an important fractionation mechanism and has been observed in the laboratory. 
Another mechanism responsible for the increased valency state associated with 
234U, and hence its higher solubility, may be double beta decay, each beta decay 
being equivalent to the loss of an electron. 

As a result of these possible processes, groundwater is often found to have 
234U/238U ratios that are greater than unity [31]. 

4.2.3. Disequilibria in frontal systems 

As described below, fractionation of the daughter nuclides is an outcome of 
me recycling of uranium and the moving of the front. If their half-lives are suffi
ciently long, the daughter products can be used to track the movement of the front 
and of the water, or to give information for prospecting accumulations of uranium. 

4.2.3.1. The 238U decay chain 

(a) Uranium-238. Because of its very long life, 238U can be regarded as not being 
appreciably reduced in amount by decay on the time-scale of front develop
ment. In uranium accumulations, it is the only nuclide with a significant mass. 

(b) Uranium-234. As a result of die nature of its formation, 234U appears to 
behave differently than 238U in frontal systems (cf. Section 4.2.2 ), although 
born have identical chemical properties. Because of the recycling history of 
uranium in fronts, 238U atoms are mostly found as thin coatings in aquifer 
grains, while recoiling 234U daughters (initially 234Th and 234Pa, but only for 
a few weeks) are very likely to be expelled into the groundwater, where 234U 
may remain soluble. Waters which are not oxidizing enough to dissolve 
reduced 238U atoms may very well not be reducing enough to precipitate 234U 
atoms that have been entrained by recoil. Consequently, 234U appears to be 
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more soluble and more mobile than 238U and the maximum of 234U abundance 
is therefore located 'down flow' from the centre of the 238U abundance (see 
Figs 6 and 7). 

(c) Thorium-230. The intermediate daughter of 234U, 230Th (T1/2 = 7.5 x 104 a) 
is also formed by alpha recoil. The same type of recoil induced displacements 
occur, except that the relative insolubility of the Th[4-] ion imposes a chemical 
behaviour and pattern that are of overriding importance. 230Th atoms are 
more abundant in an 'up-dip' direction relative to 234U atoms than in the 
'down-dip' direction. Given the known half-lives, the relative down flow rate 
of movement of the front can be calculated if the 230Th to 234U dispersion can 
be measured (Fig. 6). 

(d) Radium-226. Also a product of alpha decay and recoil from 230Th, 226Ra is, 
under most chemical conditions of fronts, insoluble and immobile. However, 
under some conditions it may be mobile, and, in fast flowing groundwater 
systems, the 1600 a half-life is such that a radium 'plume' might extend far 
down the dip (Fig. 6). 

(e) Radon-222. The product of alpha decay and recoil, the noble gas character of 
222Rn leads to a high level of solubility in groundwater and diffusivity through 
porous rocks. In addition, the rate of escape (emanation power) from solids is 
undoubtedly enhanced by alpha recoil (Fig. 6). 

(f) Lead-210. With a half-life of 22 a, 210Pb is the longer lived indicator of the 
movement of radon (measurements can also be made of the alpha emitting 
210Po (T1/2 = 138 d), the 210Pb daughter). 

4.2.3.2. The 235U decay chain 

(a) Uranium-235. This is the sister isotope of 238U. Because the 2 3 5TJ/ 2 3 8U ratio 
is invariant and the two isotopes have identical behaviour, it is acceptable to 
refer to 'uranium' when describing the distribution of either 238U or 235U. 

(b) Protactinium-231. This is the direct daughter of 235U, with a T1/2 of 
3.4 X 104 a. It behaves chemically like 230Th, which means that it is excep
tionally immobile in frontal systems. 

4.2.4. Discussion 

Because 226Ra, 222Rn, 210Pb and other daughters are all much shorter lived 
than 230Th, it is an acceptable simplification in some cases to equate the distribution 
of the ore body (as mapped by gross radioactivity) with the distribution of 230Th. 

In comparing the two decay series, both 231Pa and 230Th are the recoil 
products of uranium decay (at equilibrium, their activity ratio is also 1/22). 
However, their distribution in role fronts has one point of disparity: the 231Pa is 
always left behind as uranium migrates with a moving front (see Fig. 6), but 230Th 
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FIG. 6. Schematic depiction, involving disequilibrium in groundwater moving fronts, of 
the 23SU and 235U decay series near a redox front. The more mobile nuclides tend to move 
with the water flow (toward the right), leaving the less mobile daughters lagging behind (to 
the left) [30]. 

may be found either ahead or behind the main uranium accumulation owing to the 
mobility of the intervening nuclide, 234U (Fig. 7). 

4.3. The radium cycle in oceans [4] 

The cycling of radium in oceans is considered by Moore [4] as the most 
interesting phase of radium geochemistry. The fact that in oceans 226Ra and 228Ra 
exist in excess of their respective parents, 230Th and 232Th (more than tenfold in 
excess for 226Ra), led Koczy (in Ref. [4]) to hypothesize that the excess radium was 
being supplied by diffusion from deep sea sediments. This hypothesis was later 
confirmed by the deficiencies of the radium isotopes observed in deep sea sediments. 
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(a ) f 238, 

Fast system 

238, 

Slow system 

FIG. 7. Radionuclide distribution in a frontal system under'fast'and'slow'conditions. The 
principal difference has to do with how fast the uranium isotopes move ahead of the immobile 
230Th. Arrows indicate maxima of nuclide abundance (see Fig. 6) [30]. 

Moore also considers that the potential of these isotopes for studying oceanic circula
tions is immense because (a) they are the only ones amongst other natural tracers 
which are injected directly into bottom water from underlying sediments; and 
(b) they allow investigations on deep mixing processes to extend over a time-scale 
of from tens of years to thousands of years. 
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1. INTRODUCTION 

With nuclear energy acquiring a significant place on the energy map of the 
world, there is a continuing need for uranium production. As a consequence, process 
wastes from the uranium industry are building up in tailings dams and impoundment 
basins in different parts of the world. Although each of the radionuclides present in 
the tailings, i.e. natural uranium, 230Th, 226Ra, 222Rn, 210Pb and 210Po is of equal 
concern, 226Ra has always attracted particular attention, from the viewpoint of its 
health hazard to the public. This stems from the fact that 226Ra has a high degree 
of radiotoxicity, is 'bone seeking', has a long half-life (of 1600 a) and, as an alpha 
emitter, has a high potential for causing biological damage. As a homologue of cal
cium, a metabolically essential element, radium closely follows the calcium 
metabolism process in man, with eventual deposition in bones, resulting in a buildup 
of radon (222Rn) and daughters, thereby causing significant radiation exposure. 
Closely following in toxic behaviour is 228Ra (T1/2 = 5.77 a), a beta emitter from 
the thorium series, which also has considerable significance in environmental radio
activity studies, particularly in such monazite bearing areas as Kerala, in India, and 
in Brazil. 

To assess the impact of uranium industry waste disposal practices on the 
environment and human health, and to understand the environmental migration 
behaviour, transportation and buildup of radium in critical components of the 
environment, a knowledge of the natural distribution of radium in the environment 
is essential. A limited effort in this direction was made earlier under an IAEA co
ordinated research programme, giving representative 226Ra concentrations in differ
ent environmental components from selected countries [1]. In this chapter, an 
attempt is made to provide this information for the global environment, in the light 
of the available data for radium in various environmental matrices, from the results 
of studies conducted in different parts of the world. 

The matrices considered for inclusion in this chapter are (a) rocks, (b) soil, 
(c) water — continental and oceanic, (d) land crops, (e) aquatic organisms, (f) terres
trial animals and (g) man. The radium isotope of principal interest here is 226Ra. 
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228Ra is another radium nuclide of some environmental interest, especially in rela
tion to its presence in the monazite bearing areas of Kerala and Brazil. 224Ra 
(T1/2 = 3.64 d), an alpha emitting daughter nuclide of 228Ra, though by itself not 
important, contributes significantly to the background environmental radiation back
ground by decaying to thoron (220Rn), plus a series of short lived daughters. While 
some data for 224Ra are available for monazite areas of Kerala, its distribution in 
the normal environment has not received much attention. Similarly, the study of 
alpha emitting 223Ra (T1/2 = 11.7 d) has also been excluded in most environmental 
investigations owing to the low natural abundance (0.72%) of its precursor, 235U. 

The data presented and discussed in the following paragraphs have generally 
been considered on a regional basis. Surface water has been grouped under different 
continents and divided into subgroups of countries under which sublocalities have 
been identified. In the oceanic environment, major world oceans, seas, estuaries and 
gulf regions, bays, sounds and near shore coastal locations have been considered 
separately. Studies on the global distribution of radium in nature, besides dealing 
with normal areas of the world, should also include areas of higher background, like 
those of Kerala, Brazil, etc., which form part of the global natural radiation 'land
scape'. For this reason, some of the data presented here relate to areas of enhanced 
background, with care being taken to exclude, as far as possible, technologically 
enhanced radium sources. 

In the context of the natural distribution of radium in the world environment, 
the information available for many components is not adequate to give a global 
representation. While there is a profusion of data for some areas, e.g. for the USA, 
virtually no data of any kind are available for the African continent. Second, there 
is a paucity of information almost universally on certain components, or where such 
data exist they may not be representative enough. Some of the data also come from 
contaminated locations with a few observations made as part of the baseline survey. 
Nevertheless, an attempt is made here to give global coverage of 226Ra and 228Ra 
distribution in nature, which may provide a reasonable basis for gaining a better 
knowledge of the interesting migration and distribution behaviour of radium in the 
environment. 

2. ROCKS 

As a member of the primordial series of radioactive elements, uranium is 
widely distributed in the Earth's crust. 226Ra, which is a daughter nuclide of the ura
nium series, is expected to be present in equilibrium concentrations in most of the 
rocks, unless environmental factors — such as weathering, hydrological activity or 
biological processes — have altered this ratio. This movement and deposition of 
radium in different environmental pools as part of the global radium cycle is dis
cussed in Chapter 2-2 of this volume. 
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TABLE I. Ra-226 CONCENTRATIONS IN ROCKS [4] 

Type of rock Ra-226 (Bq/kg) 

Magmatite 

Volcanic rocks 48.1 - 136.9 
Acid volcanic rocks 37 
Intermediate volcanic rocks 18.5 
Base volcanic rocks 7.4 
Ultrabase volcanic rocks 0.37 
Meteorite 0.037 
Granite 0.037 - 185 
Basalt 11.1-48.1 
Acid lava 189 
Base lava 33.3 

Magmatic rocks 

Acid 111 
Intermediate 96.2 
Base 11.1-48.1 

Sedimentary rocks 9.25 - 14.8 

Shale (alum slate) 14.8 - 2220 
Lime 5.55 - 18.5 
Sandstone 7.4 - 55.5 
Bitumen slate 629 - 1040 
Phosphate rocks 148 - 1480 
Carbonate 25.9 - 29.6 
Clay rocks 55.5 

In most unexposed rocks, the equilibrium situation prevails in view of the long 
geological times during which 226Ra or 228Ra would have grown into radioactive 
equilibrium with their precursors, i.e. 230Th and 232Th. However, in rocks subject 
to even minor, or extreme, exposure conditions, the radioactive equilibrium is mar
ginally or substantially altered owing to the movement of either parent or daughter 
nuclides, bringing about a change in the radium/uranium ratio. This is because of 
the chemical behaviour of radium and uranium, which are significantly different, 
leading to partial or complete depletion of these nuclides. The estimated average 
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238U concentration in the continental crust is 32.9 Bq/kg [2] and, assuming radioac
tive equilibrium with 238U, the crustal 226Ra activity is expected to be of an equiva
lent order. 

However, it must be realized that the Earth's crust consists of a variety of rocks 
belonging to igneous, sedimentary and metamorphic groups. According to Rosier 
and Lange [3], the Earth's crust consists of 95% magmatites, 4% slate/shale, 0.68% 
sandstone and 0.32% carbonate rocks. The range of uranium concentrations is 
dependent, however, upon the type of rock even within the major rock groups — 
igneous, metamorphic and sedimentary. For example, high silica igneous rocks are 
relatively richer in uranium concentration as compared with such basic low silica 
igneous rocks as basalt. A corresponding variation of radium activity in the various 
rocks is only to be expected. A number of investigators have looked into the 226Ra 
levels of a variety of rocks and a summary of their observed concentrations is given 
in Table I. For volcanic rocks, the table provides evidence of higher 226Ra contents 
in acid volcanic rocks (37 Bq/kg), moderate in intermediate volcanic rocks 
(18.5 Bq/kg) and sharply reduced in ultrabase volcanic rocks (0.37 Bq/kg). 
However, the lowest recorded value is 0.037 Bq/kg for a meteorite sample. Granites 
and basalts tend to have nearly similar 226Ra contents, but granites also have a wide 
range of 226Ra occurrences. Well known examples with a significant presence of 
uranium and thorium in granites come from Conway, in New Hampshire [5], and 
the Colorado Front Range [6], both in the USA. 

Among sedimentary rocks, a general gradation in 226Ra levels can be noticed. 
In the higher concentration group, three important rock types are shale (alum slate), 
bitumen slate and phosphate rocks. The noticeably higher levels of 226Ra in bitumen 
slate are possibly due to associations of clay rich material of organic origin. Phos-
phatic rocks of sedimentary origin are well known as minerals rich in uranium and, 
therefore, high in 226Ra content. For instance, in the USA, radium concentrations 
in mined phosphate ore range from 200 to 10 000 Bq/kg [7], As stated earlier, car
bonate rocks and limestone have the lowest 226Ra content and, as a group, meta
morphic rocks have the lowest radium concentrations. 

3. SOIL 

In the natural environment, rocks undergo a continuous process of weathering 
owing to climate, water, flora and fauna, etc., which eventually results in soil forma
tion. The resulting soil type is usually characteristic of the parent rock and the natural 
forces acting on the rock material. During the weathering, and migration of radium 
from rock to soil, radium can 'move out' in the particulate phase, to be transported 
and deposited as loess, silt placers and tertiary soil. However, that part of radium 
which tends to be solubilized in water — either with ground or river water — moves 
along with the water stream until it is finally deposited in the soil through chemical 
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or biological action. Some aspects of the interesting radium migration in soil are dis
cussed in Chapter 4-1 of this volume. 

Although it may be feasible to look into the 226Ra concentration ratios 
between the host rock and the product soil, not many observations exist. In the soil 
regime, radium behaves very much like its homologues: calcium, strontium and bar
ium and, amongst them, closely follows barium. Ion exchange processes usually play 
an active role in die migration of radium in soil, and in this respect it has a close 
similarity to barium owing to its large ionic radius. The ion exchange capacity 
characteristics of different types of soil vary considerably and this has considerable 
influence on the distribution of radium in soil. Some of the radium data available for 
different types of soil are given in Table II. The range of 226Ra concentrations for 
soil in normal areas varies from 3.7 to 125.8 Bq/kg. The highest values occur in light 
brown desert soil (70.3 - 125.8 Bq/kg), the lowest in lime (3.7 Bq/kg), while inter
mediate values vary with the soil composition. 

Although not as extensive as in water, some radium measurements in soil in 
different parts of the world have been reported and these data are given in Table III. 
226Ra concentrations for all of the regions are in a gross range of 
2.59 - 140.6 Bq/kg covering two orders of magnitude, possibly because of the wide 
range of soil characteristics. Even widiin a country one could go through the 
whole range of concentrations reported, as for example Czechoslovakia 
(3.7 - 140.6 Bq/kg), because again unlike water, soil is a heterogeneous medium. 
Soil heterogeneity is the major factor which results in an uneven distribution of 
radium in die soil environment. 

Some investigators have also looked at the status of the equilibrium relation
ship between 226Ra and natural uranium in the soil under study. Mishra and 
Sadasivan [19], in an extensive gamma spectrometric study of various types of soil 
from across India, have demonstrated the prevalence of equilibrium in 30 out of 35 
samples (Fig. 1). A more or less similar, but less pronounced, situation has been 
observed by Kodaira et al. [18] while studying a representative cross-section of soil 
in Japan. 

A number of high background regions exist naturally in different parts of the 
world. Well known examples are Kerala, in South India, and parts of Brazil where, 
in spite of some mining and exploitation of the radioactive minerals of monazite, vast 
tracts of land lie unaffected by man's technological activities. Some of the data avail
able for these areas, along with a few others, are given in Table IV. Briefly compar
ing me contents of Table IV widi die earlier Table III relating to normal areas, one 
finds highly enhanced 226Ra contents in die soils of high background areas. While 
mis is expected, the actual activity levels vary from two to four orders of magnitude 
higher man those of normal areas. Some of die highest reported soil 226Ra activities 
are in Brazil, the Islamic Republic of Iran and New Zealand. 

However, the data given in Table IV may be limited in representative charac
ter. For instance, in die case study of Kerala, India, the sample sizes and areas 
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TABLE II. Ra-226 CONCENTRATIONS IN DIFFERENT TYPES OF SOIL 

Type of soil 
Possible 
location 

Ra-226 
(Bq/kg) 

Reference 

Red clay 

Sand 

Lime 

Podzol 

Gray forest soil 

Loamy black earth 

Brown forest soil 

Red earth 

Gray earth or desert 

Light brown desert soil 

Florida, USA 

Spain 

— 

USSR 

USSR 

USSR 

USSR 

USSR 

USSR 

USSR 

7.4 

14.0 

3.7 

33.3 

37.1 

29.6 

29.6 

40.7 

18.5 

70.3 - 126 

[8] 

[9] 

10] 

12] 

TABLE III. Ra-226 CONCENTRATIONS IN SOIL FROM DIFFERENT 

COUNTRIES 

Region/country 

Czechoslovakia 

Federal Republic of Germany 

Ireland 

United Kingdom 

Union of Soviet Socialist Republics 

Poland 

United States of America 

Yugoslavia 

Japan 

India 

Ra-226 (Bq/kg) 

3.7 - 141 

13.0 -48 .1 

48.1 - 107 

2.96 - 55.5 

3.7 -48 .1 

37 -51 .8 

29.6 - 104 

29.4 - 37.4 

5.55 - 38.9 

2.59 - 26.3 

Reference(s) 

[11] 

[13] 

[11, 13, 14] 

[14] 

[11, 15] 

[13] 

[13, 16] 

[17] 

[18] 

[19] 
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FIG. 1. mRa/23SU in Indian soil samples [19]. 

covered are comparatively small, which should be viewed against the fact that in 
Kerala as well as in Brazil the monazite deposits do not occur in continuous stretches 
of uniform concentrations, but in scattered and uneven formations. In the Kerala 
study region, the dose rate background was between 0.1 and 4 mR/h,' which is evi
dently influenced by the soil radium content. The 228Ra and 224Ra levels in Kerala 
and Brazil are significantly elevated. The Iranian studies at Ramsar [24] demonstrate 
high soil radium activity in the range 740-37 000 Bq/kg, which are among the 
highest recorded for any region. Marsden [25] has reported quite high 226Ra values 
(6920 - 12 400 Bq/kg) for a stray soil sample from Niue, New Zealand, from a 
residue of weathered limestone considerably enriched by volcanic ash shower 
material of unknown origin. Maslov et al. [26] also report 226Ra values from 259 
to 71 000 Bq/kg in the taiga and tundra zones of the USSR, which are considered 
as areas of high radioactivity. 

1 1 rontgen (R) = 2.58 X 10"4 C/kg. 
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TABLE IV. RADIUM CONCENTRATIONS IN SOIL IN HIGH BACKGROUND 
AREAS 

Ra-226 Ra-228 Ra-224 
Country/region Reference(s) (Bq/kg) (Bq/kg) (Bq/kg) 

India 

Kerala 

Brazil 

Morro de Ferro 
Araxa 
Tapira 

France 

Ambazac Mountain, 
Haute Vienna 

Iran 

Ramsar 

New Zealand 

Niue 

7.8-

703 -
814-

950-

740-

6920-

- 1520 

-42 400 
- 28 800 

- 8860 

- 37 000 

- 12 400 

7.8-1520 3.33-221 51.8-1032.3 [20] 

2183 -41 181 [21, 22] 
- [21, 22] 

[21, 22] 

[23] 

[24] 

[25] 

4. CONTINENTAL WATER 

The natural distribution of radium in continental water is discussed here under 
two categories: (a) surface water and (b) groundwater. Such a division becomes 
necessary owing to the characteristic differences between the two in their flow cycles 
and their interaction with the surrounding environment, which could have a profound 
influence on their inherent radium concentrations. The mechanisms of radium trans
port, speciation, interaction with particulates and other related aspects in ground and 
surface water are dealt with in Chapters 4-2 and 4-3 (in this volume), respectively. 

4.1. Surface water 

Surface water plays a vital role in the biogeochemical cycling of many essential 
as well as toxic elements in the aquatic ecosystem. Surface streams have also 
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received considerable attention in the radiation exposure evaluation of the population 
living in the neighbourhood of uranium mines and mills. However, there is still a 
paucity of background radium data for many rivers and lakes. The currently avail
able data for 226Ra — and a few 228Ra concentrations — in different geographical 
regions of the world are given in Tables V and VI. 

4.1.1. Discussion 

In contrast to the relatively high and widely varying 226Ra and 228Ra concen
trations in groundwater, surface water displays a rather low and narrow range of 
radium concentration. While most rivers have low 226Ra values, some rivers in 
Czechoslovakia (292 mBq/L), the USSR (155 mBq/L), parts of the Ganges 
(48.1 mBq/L) and Periyar Rivers (122 mBq/L) in India, the Nile River in Egypt 
(6.29 mBq/L), the Mississippi (39.9 mBq/L), Missouri (65.8 mBq/L) and 
Allegheny Rivers (137 mBq/L) in the USA, all have enhanced concentrations. 

Five rivers, the Apalachicola, Suwannee, Peace, Little Manatee and Alafia, 
enter the Gulf of Mexico in Florida, known for its rich phosphate deposits containing 
appreciable amounts of uranium and radium. A 226Ra content of 166 mBq/L in 
some wells is attributed to groundwater leaching of 226Ra from these deposits. Also, 
the shelf water in the area appears to be highly enriched in 226Ra and 222Rn, possi
bly due to the leaching action of groundwater on the phosphates and the occurrence 
of geothermal springs in the area with high levels of 226Ra activity 
(1330 - 1830 mBq/L). 

Miyake et al. [43] have carried out a study of the natural distribution of 226Ra 
in ten Japanese rivers, spread over Hokkaido, Honshu, Shikoku and Kyushu Islands. 
226Ra concentrations in these rivers were in the range of 1.48 - 5.18 mBq/L, with 
a weighted mean of 3 mBq/L, which is close to the 2.6 mBq/L reported for continen
tal rivers. The results showed that radium was in equilibrium with uranium only to 
the extent of 34%. Slightly enhanced dissolved radium concentrations were noticed 
in rivers from granitic regions relative to regions covered by volcanic eruptives. 

Similarly, studies of 226Ra distributions in surface water surrounding regions 
of uranium deposits are of considerable interest. 226Ra concentrations in Brazilian 
river water in the vicinity of uranium mining area at Pocos de Caldas have been 
measured as a baseline study in 1977-1978 [56]. The concentrations are within the 
range of 7.4 - 222 mBq/L. However, in most river water samples, 226Ra levels 
were generally under 37 mBq/L, with the exception of small streams originating in 
the region of exploratory uranium mining, where the concentration was 
1100 mBq/L. Limited seasonal studies did not appear to show much variation in 
radium concentrations in this water. 

The Yugoslavian data, also part of a baseline study conducted in 1977, come 
from the surface water of the Sava River and other minor rivers in the region of 
Slovenia, the site of an explorative uranium mine at Zirovski Vrh [38]. The 226Ra 
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Country Sample description Ra-226 (mBq/L) Ra-228 (mBq/L) Reference(s) 

Europe 

Austria 
Belgium 
Czechoslovakia 
United Kingdom 

Federal Republic 
of Germany 

USSR 
Yugoslavia 

India 

Japan 
China 

Danube River 
Rivers 
Rivers, Talsperre, etc. 
Rivers 
River Thames 
Rivers 
Rhine River 
Rivers 
Sava River 

Lakes, rivers 
Ganges River 
Ganges River 
Godavari River 
Krishna River 
Sabarmati River 
Other rivers 
Periyar River 
Ten rivers 
Rivers, Talsperre 

18.5 
16.3 - 28.9 
3.7 - 292 

0.74 - 2.96 
18.5 

2 .59-31.1 
3.33 - 7.4 
0.22 - 155 
0.37 - 9.25 

Asia and the Far East 

1.85 - 22.2 
20.4 -48 .1 

3.33 
0.83 
0.83 
1.50 

7.4 - 42.2 
1.85 - 122 
1.48 -5 .18 
7.4 - 18.5 

2.59 

1.63 - 2.6 
— 
— 

5.10 
— 

<14.8 - 133.2 
— 

— 

[27] 
[28] 
[29] 
[30] 
[31] 
[32] 
[33] 

[34-37] 
[38] 

[39] 
[40] 
[41] 

[40] 
[42] 
[43] 
[44] 

o > 
SO 



Egypt Nile River 

Brazil 
Canada 
USA 

Amazon River 
Rivers, lakes 
Mississippi River 
Missouri River 
Columbia River 

(above the Hanford 
reactors) 

Hudson River 
Twenty-three rivers 

Florida 
South America 

Brazil 
Pocos de Caldas 

Colorado River 
Potomac River 
Suwannee River 
Five rivers 
Nine rivers in the 

Amazon basin 

Rivers 

Northern Territory Alligator Rivers 

Africa 

3.7 - 155 

Americas 

0.78 - 1.22 
4.07 - 13.7 
0.37 - 40 
8.99 - 65.8 

185.0 

1.17 
0.074 - 137 

3.7 
1.22 
7.4 

2.33 - 92.5 
0.48 - 2.11 

7.4 - 222 

Australia 

3.33 - 314 

0.87 - 1.07 
— 
— 
— 

— 

'Raw' water for 
community 

supply 

0.53 -2 .11 

— 

[45, 46] 

[47] 
[48] 

[49, 50] 
[50] 
[51] 

o 
X 

[52] > 
[53] $ 

7* 

[50] 
[50] 
[54] 
[55] 
[47] 

[56] 

[57] 
<3\ 
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TABLE VI. Ra-226 CONCENTRATIONS IN LAKES 

Country 

United Kingdom 
Scotland 

Italy 

USSR 

Federal Republic of Germany 
Bagger See 
Black Forest 

Yugoslavia 

India 

USA 
Lake Ontario 
Great Lakes 
Illinois 

Sample description 

Europe 

Loch water 

Four surface lakes 

Lakes 

Lake 
Surface water 

Fresh water 

Asia 

Surface water 

Americas 

Lake 
Lake 
Surface water 

Australia 

Surface water 

Ra-226 (mBq/L) 

0.37 - 4.44 

0.52 - 0.74 

7.4 

2.22 - 2.59 
16.7 - 145 

39 

3.7 - 14.8 

1.48 - 62.9 
0 .89 - 1.30 
2.20 - 48.8" 
0.37 - 3.7b 

3.7 - 7.4 

Reference 

[58] 

[59] 

[60] 

[33] 
[61] 

[62] 

[39] 

[63] 
[50] 
[64] 

[65] 

a 'Raw' water. 
b Treated water. 

levels are in the range of 0.37 - 9.25 mBq/L in the surface water of the area. These 
values are comparatively lower than the 226Ra concentrations generally observed in 
surface water in the region of uranium deposits elsewhere. Negligible contamination 
of the Sava River is concluded from the study. 

The Australian studies relating to the Alligator Rivers area of the Northern 
Territory uranium province [57] show 226Ra concentrations in surface water in the 
range of 3.3-314 mBq/L. The central values are also very much above the Brazilian 
and Yugoslavian data. Radium levels tend to rise during the dry season, but more 
studies are needed to draw meaningful conclusions of seasonal variations. 
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Some of the background measurements in Jaduguda and Alwaye surface water 
in India show dissolved 226Ra concentrations in the range of 5-70 mBq/L and 
1.9-120 mBq/L, respectively [42, 66]. 

For other surface water, such as lakes, 226Ra concentrations are in a narrow 
range, as observed for river water (Table VI). A maximum value of 145 mBq/L is 
seen in die Black Forest area of the Federal Republic of Germany, but this area has 
a uraniferous background. Low 226Ra levels prevail in the Great Lakes, in 
Lake Erie and Lake Michigan in the USA. However, Lake Ontario has an enhanced 
226Ra content (62.9 mBq/L). 

In conclusion, surface water displays a more regulated and narrower range of 
226Ra concentrations, unlike groundwater, where the spread of concentration is 
fairly large. 

4.2. Groundwater 

4.2.1. Sources of radium in groundwater 

Radium in groundwater can arise from natural sources, resulting from die 
interaction of groundwater with radium bearing materials such as rocks, soil, ore 
bodies, etc. It can also arise indirectly from man's exploitation of the radioactive 
minerals of uranium, Uiorium, etc., as part of the nuclear fuel cycle. There is a con
siderable amount of radioactivity in other conventional minerals of commercial 
importance, such as the phosphatic minerals — apatite (Ca5(P04)3F, Cl, OH) — 
copper, gold, lignite, coal and such other ores, owing to die presence of uranium 
and its long lived daughter products 226Ra, 230Th, 210Pb, 210Po, etc. The mining 
and processing of tiiese minerals for metal recovery can also bring about an enhance
ment in the radium levels in the environment well above the normal background 
levels. Geothermal springs are another source of natural radioactivity containing 
such nuclides as 226Ra and 222Rn. A detailed discussion of the mechanisms of 
radium release into groundwater from the host rock is given in Chapter 4-2 in this 
volume. 

4.2.2. Discussion 

A noticeable feature of die 226Ra distribution data in groundwater is die 
highly variable concentrations of 226Ra across a range of groundwater environ
ments, considering die radier limited spread of die 226Ra concentrations in surface 
or oceanic water. As stated earlier, 226Ra in groundwater is derived mainly by die 
interaction between me groundwater aquifer and radium-bearing materials, such as 
rocks, soil and ore deposits which are often responsible for enhanced 226Ra 
concentrations. 



TABLE VII. Ra-226 AND Ra-228 CONCENTRATIONS IN GROUNDWATER 

Country/location Sample description Ra-226 (mBq/L) Ra-228 (mBq/L) Remarks Reference 

Europe 

Austria 
Salzburg 

Finland 
Helsinki 
Other areas 

Bulgaria 

France 

Greece 

United Kingdom 
Bath 

India 
Kalpakkam 
Maharashtra State 

Lebanon 

Saudi Arabia 

United Arab Emirates 

Well water 

Drilled wells 
Drilled wells 

Bottled mineral water 

Bottled mineral water 

Bottled mineral water 

Thermal springs 

Well water 
Thermal springs 

Bottled mineral water 

Bottled mineral water 

Bottled mineral water 

<3.7 - 270 

<3.7 - 9470 
122 - 1900 

392 

163 

237 

374 - 525 

— 

14.8 - 207.2 
< 18.5 - 569.8 

NDa 

218.3 

262.7 

— 

Asia and the Far East 

1.11 -77 .7 
40.7 - 2600 

255 

333 

292 

20.7 - 23.3 
— 

240 

222 

203 

[67] 

[68] 
[69] 

[70] 

[70] 

[70] 

[71] 

[72] 
[73] 

[70] 

[70] 

[70] 

3 w z o > 



Saudi Arabia Raw water 

Japan Thermal springs 
Thermal springs 

Taiwan, China Thermal springs 

USA 
Ottawa County, Oklahoma 
Florida 
Illinois 
Utah 
South Carolina 
Iowa 
Iowa 
Boise, Idaho 
Joliet, Illinois 
Miami, Florida 
Memphis, Tennessee 
Wichita, Kansas 
Grants 
Texas 

Well water 
Well water 
Well water 
Well water 
Well water 
Well water 
Well water 
Well water 
Well water 
Well water 
Well water 
Well water 
Groundwater 
Groundwater 

Florida Groundwater 
Sarasota, Florida Groundwater 

699 174 [70] 

529 - 655 - [74] 
1300 - 7840 - [74] 

1.85-588 - [44] 

Americas 

3.7 - 570 -
7.4 - 122 -

0.74 - 836 -
< 3 7 . 0 - 7 4 0 -

100-981 174 - 440 
3.7 - 1780 -

66.6 - 925 <22.2 - 233 
3.8 -

242 -
17.7 -
7.8 -
8.4 -

1.9 - 1960 -
14.8 - 6290 -

NDa - 2810 -
55.5 - 903 -

Public water supply 
Untreated water supply 
Untreated water supply 

Artesian wells 

Public supply 
Ra-228/Ra-226=0.4-25 
Shallow and deep wells 

Deep wells 
Shallow wells 

Shallow and deep wells 
Deep wells 

Uranium mining district 
Uranium mining and 
milling, South Texas 

Phosphate mining district 
Phosphate mining district 

[75] 
[54] 
[64] 
[76] 
[77] 
[78] 

[50] 
[50] 
[50] 
[50] 
[50] 
[79] 
[80] 

[81] 
[81] 

o 
32 A

P
T

E
] 

1 

u> 
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TABLE VH. (cont.) 

Country/location Sample description Ra-226 (mBq/L) Ra-228 (mBq/L) Remarks Reference 

Western USA Geothermal water < 1.52 - 55 500 

Brazil Groundwater NDa - 3480 

Australia 

Yeelirrie Groundwater 18.5 - 33 400 — Proximity of uranium deposits [84] 

— Exploitation of [82] 
geothermal water >3 

NDa - 5610 Mineral water from [83] O 
various parts of Brazil fo 

ND: not detected. 
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The vast bulk of the data in Table VII comes from the USA, where ground
water constitutes a significant source of public water supplies. However, in a large 
number of cases the groundwater is subjected to water treatment processes before 
reaching the public. Ottawa County water supplies, in Oklahoma, come from the 
Roubidoux formation, consisting primarily of sandstones and dolomitic limestones. 
The mean 226Ra concentrations lie across a wide range (3.7 - 570 mBq/L) and it 
appears that a correlation exists between 226Ra concentrations in the Afton well sys
tem and the total dissolved solids. Holtzman [64] also reported a wide range of 
226Ra concentrations in 25 untreated well water supplies (in Illinois), representing 
areas featuring limestone, and deep sandstone unconsolidated aquifer systems. 
The 226Ra levels range from 0.74 to 836 mBq/L, with an average value of 
188.7 ± 144 mBq/L. Analysis of the data showed that higher 226Ra values are 
usually associated with deep sandstone aquifers and lower values in other aquifers. 
Enhanced levels of 226Ra (281 mBq/L) were found in deep wells, in contrast to 
shallow wells (12.9 mBq/L). 

The South Carolina groundwater studies by Michel and Moore [77] for 226Ra 
and 228Ra were carried out in a band of coastal plain sediments adjacent to the fall 
line. High levels of 226Ra, as well as 228Ra, have been found to be associated with 
these aquifers. 226Ra concentrations are in the range of 100 to 981 mBq/L, while 
228Ra values are from 174 to 440 mBq/L. The 228Ra/226Ra activity ratios are not 
constant and vary from 0.23 to 3.0. According to the authors, the 226Ra content of 
groundwater in the investigated area was highly variable spatially, but not tem
porally. From the data of Hursh [50] in Table VII, it is observed that 226Ra concen
trations are very low, except in the Joliet well (242 mBq/L). Treated water supplies 
of this well have yielded a slightly lower value (214 mBq/L). 

Fairly extensive studies have been conducted in Finland on the natural radioac
tivity of ground and drinking water [85]. As part of this study, uranium, 226Ra, 
228Ra and 222Rn concentrations were determined in dug and drilled wells in Hel
sinki and some other regions of Finland. In the Helsinki area, 226Ra occurs in a 
wide range from < 3.7 to 947 mBq/L for drilled wells, while it is low for dug wells 
(max: 233 mBq/L). This, according to the authors (Asikainen and Kahlos [68]) is 
due to elevated uranium or 226Ra levels in the bedrock of the area. Thus, ground
water of the Helsinki region is considered to be anomalous in character with respect 
to its natural radioactivity, as the area is marked by the occurrence of high levels 
of uranium. Distribution of 228Ra in drilled wells was also investigated, and concen
trations are found to be between 14.8 and 207 mBq/L, yielding 226Ra/228Ra activity 
ratios of 6 - 75. 

In another study conducted to determine the concentrations of 228Ra and 226Ra 
ratios in other parts of Finland outside Helsinki, Asikainen [69] found 226Ra levels 
to be between 122 and 1900 mBq/L and 228Ra levels between 18.5 and 570 mBq/L. 
The corresponding activity ratios of 226Ra/228Ra were in the range of 0.4 and 9.7 
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and wherever such high ratios were noticed, they were attributed to high 
uranium/thorium ratios in the bedrock. 

Bottled mineral water is widely consumed in several countries and the radium 
concentrations in these are of interest. Philippe Martin [70] has investigated some 
of this water, in Saudi Arabia, which originates from Bulgaria, France, Greece, 
Lebanon, and the United Arab Emirates, along with those of local origin. 226Ra 
concentrations range from 163 to 392 mBq/L for mineral water, which agree well 
with the reported values of 55.5 to 500 mBq/L for local and imported bottled water 
sold in the USA [86]. However, 'raw' water in Saudi Arabia has a significantly 
higher 226Ra content (699 mBq/L), while the 228Ra concentration appears to be less 
(174 mBq/L). 

Thermal springs are known to be rich in natural radioactivity, particularly due 
to 222Rn. Kelkar and Joshi [73] have studied some of the well known thermal 
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95 98 

FIG. 2. Lognormal cumulative frequency distribution for Ra in hot springs in northern 
California, USA [82]. (I curie (Ci) = 3.70 x 10'° Bq.) 
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springs in India for their radon and 226Ra contents. In two surveys conducted for the 
same group of springs during different periods, it was observed that in the first sur
vey 226Ra varied from 77.7 to 1110 mBq/L, while in the second survey, after two 
months, the 226Ra content was in the range of 40.7 - 2600 mBq/L. However, no 
reason has been given for this variation. A similar range of values, from 1.85 to 
588 mBq/L, was reported by Tsai and Weng [44] in Taiwan, China, the maximum 
value occurring in Peitou, which is known for its radioactive sediment, Peitou stone 
or hokutolite. 

Investigation of radioactivity associated with geothermal water in the western 
USA [82] covers the hot springs and wells located in Arizona, California, Colorado, 
Idaho, Nevada, New Mexico, Oregon and Utah. For example, the 226Ra distribu
tion data from hot springs in northern California approximate a straight line fit on 
a lognormal frequency distribution plot (Fig. 2). The linearity implies that the data 
are from a single population [87]. However, a slope change occurs around 
3.7 mBq/L, which could indicate an outside influence or variation in the existing 
source. In the case of groundwater, according to the authors, such a change may be 
attributed to variations in the flow system, regional rock type or nearby magmatic 
activity. 226Ra concentrations for geothermal water as a whole are in the range of 
< 1.52 - 55 500 mBq/L. According to the study report, no definite conclusions 
regarding radioactivity associations in geothermal water could be obtained. 

226Ra levels in the central Florida study vary from levels not detected to 
2810 mBq/L. Statistical analysis of the 226Ra levels in this water, has shown no 
impact on the upper and lower Floridian aquifers, either as a result of phosphate min
ing and waste disposal practices, or due to unmined mineralized areas [81]. 
Nevertheless, occasionally high 226Ra levels are noticed, as in the lower Floridian 
aquifer, but these are stated to be associated with natural factors unrelated to phos
phate mineralization or the central Florida phosphate industry. The Florida study 
also demonstrates that, in general, 226Ra levels increase with salinity, which in turn 
varies with well depth and position in the well regime within the Floridian aquifer 
system. 

The Australian data from Yeelirrie [88] show a wide range of 226Ra concen
trations (18.5 - 33 400 mBq/L). 226Ra levels tended to be generally high in the 
region of the ore body. In making a concluding reference to Table VII, it should be 
noted that the concentration of 226Ra in groundwater for the study areas lies in a 
large range, i.e. from not detected to 55 500 mBq/L. 

5. OCEANIC WATER 

The first measurements of radium in the ocean were made by Evans et al. [89] 
off the California coast. Subsequently, in 1958 and later, oceanic radium measure
ments became more frequent, due not so much to its radiological significance, but 



TABLE VIII. Ra-226 CONCENTRATIONS IN SURFACE AND DEEP OCEANIC WATER 0 0 

Ra-226 concentrations (in mBq/L) at depths of 
Region Reference 

Pacific Ocean 
Northwest Pacific 
East equatorial Pacific 
Eastern Pacific 
East Pacific Rise 
North Pacific 
North Pacific 
Western north Pacific 
South Pacific 

Atlantic Ocean 

Northwest Atlantic 
North Atlantic 
Atlantic Ocean 
North Atlantic 

Indian Ocean 

Antarctic Ocean 

0 - 500 m 

1.37 - 1.41 
1.55 - 1.85 
1.07 - 2.33 
0.83 - 1.70 
0.74 - 3.70 

— 
1.15 - 2.07 
0.74 - 3.70 

1.48 - 1.52 
1.07 
1.22a 

0.74 - 2.96 

1.11 -2 .22 

_ 

500 - 2000 m 

1.85 - 4.77 
2.07 - 4.03 
1.67-5.03 
2.15 - 3.98 
1.48 -4 .81 

— 
2.55 - 4.44 
1.85 -5 .55 

1.48 - 1.92 
1.35 
— 

1.48 - 3.33 

1.85 - 3.33 

2000 - 4000 m or more 

5.25 - 5.59 
4.74 - 5.77 
3.77-7.14 
4.08 - 5.48 (2000 - 3000 m) 
2.22 - 5.92 (2000 m - max. depth) 
5.70 - 6.25 
4.48 - 54.4 (2000 - 5660 m) 
2.96 - 6.29 (2000 m - max. depth) 

2.29 - 3.33 (2000 - 5600 m) 
1.60- 1.97 

— 
1.85 - 4.44 (2000 m - max. depth) 

2.22 - 4.44 (2000 m - max. depth) 

3.59b 

[92] 
[92] 
[97] 
[99] 
[98] 

[100] 
[101] 
[98] 

[92] 
[100] 
[96] 
[98] 

5 
Z 

o > 
SB 

[98] 

[95] 

a Surface. 
b Below 2000 m. 
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TABLE IX. Ra-226 CONCENTRATIONS IN SOME OCEANIC LOCALITIES 

AND COASTAL WATER 

Location Ra-226 (mBq/L) Referenced) 

Mediterranean Sea 

Caribbean Sea 

Caribbean Sea (deep) 

Caribbean Sea, 
Puerto Rico Trench (surface) 

Caribbean Sea, 

Puerto Rico Trench (deep) 

Black Sea 

Red Sea 

Baltic Sea 

Arabian Sea (surface) 

Indonesian seas (surface) 

Gulf of Mexico (surface) 

Hudson estuary (surface) 

The Bahamas (islands) 
Surface 
0-500 m 

Florida straits 

Eastern coast off USA (surface) 

West-central Florida, USA 
(estuarine and shelf water) 
Surface 
10-100 m 

Chesapeake Bay, USA (0-40 m) 

Tarapur, India, coastal (surface) 

Kalpakkam, India, coastal (surface) 

Narragansett Bay, USA 

1.85 - 4.44 

0.74 - 2.59 

1.48 - 2.22 

1.26 

[98] 

[98] 

[102] 

[102] 

2.96 [102] 

2.59 - 4.44 

1.48 - 2.22 

1.11 -5 .55 

NDa - 6.66 

1.37 - 2.77 

0.97 - 1.92 

0.20 - 1.42 

1.26- 1.96 
1.18-2.22 

1.11 - 1.85 

1.32 - 1.75 

1.83 - 53.8 
1.83 - 22.0 

0.23 - 3.40 

0.70 - 20.5 

1.06 - 2.63 

1.90 - 2.50 

[98] 

[98] 

[98] 

[103] 

[104] 

[105] 

[106] 

[98] 
[98] 

[98] 

[107] 

[55] 
[55] 

[108] 

[109- 112] 

[113] 

[114] 

ND: not detected. 
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to the promising role of oceanic radium as a tool for understanding marine geochemi-
cal processes. It was Koczy [90] who first proposed using radium as a natural tracer 
in the ocean for the calculation of vertical diffusion coefficients in ocean water. This 
was extended later by Koczy and Szabo [91] for estimating the renewal time of water 
masses in the Pacific and Indian Oceans. Numerous investigations have been con
ducted since then to obtain a fuller understanding of 226Ra distributions in the 
major oceans of the world (Refs [92-97]), with considerable attention devoted to the 
variability of 226Ra concentrations with regard to depth and latitude correlation with 
barium, silica concentrations, salinity, etc. 

5.1. 226Ra 

5.1.1. Oceans 

Many systematic studies have been conducted in the Atlantic, Pacific, Indian 
and Antarctic Oceans with a view to obtaining comprehensive data on the distribution 
of 226Ra in oceanic water. These data may be grouped, in general, as belonging to 
surface and deep water. However, the investigators appear to exhibit a degree of 
arbitrariness in defining 'surface water'. As a result, interpretation of the measured 
data becomes somewhat difficult and is subject to a degree of error. In this review, 
Szabo's practice of devising ocean depth 'blocks' of 0-500 m, 500-2000 m and 
2000-4000 m has been adopted, with the last block modified to 2000-5000 m [98]. 
The available data for the major ocean regions and different oceanic localities are 
summarized in Tables VIII and IX. 

With reference to Table VIII, 226Ra concentrations in surface water 
(0-500 m) appear to be in a narrow range, and nearly uniform in the Pacific 
(0.74 - 3.7 mBq/L) and Atlantic Oceans (0.74 - 2.96 mBq/L). However, the Indian 
Ocean has levels of 226Ra which cover a narrower range (1.11-2.22 mBq/L). At 
increasing depths, a trend of increasing concentrations is observed uniformly in all 
of the oceans, which, according to most investigators, results from the injection of 
226Ra from thorium (230Th) bearing sediments in the ocean floor [92, 97]. An 
example of the higher concentrations of 226Ra on the ocean floor and its decreasing 
trend as one moves away from the bottom is shown in Table X [101]. Details of the 
physicochemical migration behaviour of radium in oceans and coastal water are dis
cussed in Chapters 4-4 and 4-5 in this volume. 

According to Broecker et al. [92], the average concentration of 226Ra in the 
surface water of both the Atlantic and Pacific Oceans is around 1.48 mBq/L, while 
according to Szabo [98], this value is estimated to be 1.85 mBq/L. Subsequent work 
has, however, altered this value only slightly, as demonstrated by the data of 
Ku et al. [97], who showed a near uniform value of about 1.17 mBq/L while study
ing the surface water of eastern Pacific Geochemical Ocean Sections Study 
(GEOSECS) stations between 43°S and 29°S near 125°W. High surface 226Ra 
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TABLE X. Ra-226 CONCENTRATIONS NEAR THE OCEAN FLOOR IN THE 
WESTERN NORTH PACIFIC [101] 

Station 1 (29' 

Distance from 
sea bottom (m) 

0 

3 

8 

16 

28 

48 

78 

'54'N , 147°03'E) 

Ra-226 (mBq/L) 

54.4 

10.5 

7.73 

6.11 

5.66 

4.81 

5.33 

Station 2 (25' 

Distance from 
sea bottom (m) 

0 

2 

5 

20 

40 

70 

100 

'02'N, 153°46'E) 

Ra-226 (mBq/L) 

6.36 

5.77 

5.85 

5.44 

5.48 

5.59 

5.44 

values of 1.17 - 3 mBq/L in the region south of the Antarctic Convergence were 
noted by Ku and Lin [95]. 

In deeper water of the Pacific Ocean, a distinct south to north increase in 
226Ra concentrations was found by Ku et al. [97] following their studies in the 
eastern Pacific along GEOSECS cruise tracks. The authors have presented the distri
bution pattern of 226Ra in eight vertical profiles in the region, which is shown in 
Fig. 3. These data conclusively demonstrate the significant increase in 226Ra con
centrations with increasing depth in all profiles. This apart, a noticeable feature is 
that the surface to bottom increases range from threefold at the southernmost station, 
322, to sevenfold at Stations 343 and 347 to the north, which represent the largest 
in the entire ocean. As a result, deep water displays a south to north 226Ra increase 
from about 4.33 to 6.83 mBq/L in the bottom layers. According to the authors, the 
effect of 226Ra injection from bottom sediments is clearly seen, unlike in the Atlan
tic and Antarctic Oceans. 

A similar, but less pronounced 226Ra increase with depth was observed by 
Craig et al. [100] in the North Atlantic while studying 210Pb/226Ra disequilibrium. 
While the surface 226Ra concentration was 1.08 mBq/L, it gradually rose to 
1.97 mBq/L at about 5000 m, which is just about a factor of 2, in contrast to factors 
of 3 and 7 in the Pacific [97]. 

A 226Ra section study across the East Pacific Rise (EPR) carried out by 
Chung [99] between Callao and Tahiti in four vertical profiles showed a smooth 
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FIG. 3. Vertical profiles of226Ra with analytical error bars indicated. Curves shown are the 
best fits computed from the two dimensional model. The numbers in the upper right corners 
are the quantities ER2 for the individual profiles, where R ((dis/min) per 100 kg — CcompMed — 
^measured- Minimum ER2 (hence best fits) for all six profiles is equal to 73.5 [97]). 
(1 (dis/min) is equivalent to 46.1 x 10~'4 g, or 2.04 x 103 attomoles (1 atto = 10~'8).) 

increase in radium values as the bottom was reached, with no mid-depth maximum 
as observed in the western and northeastern Pacific. Slight enrichment of 226Ra 
appears to occur on or near the EPR, falling off on either side of the EPR. 

Reports of an interesting correlation of silica and barium concentrations with 
those of radium in collateral seawater samples have been made by some of the inves
tigators, calling attention to the parallel geochemical behaviour among these ele
ments. It appears that radium behaviour in the marine environment closely parallels 
that of barium, both of which are carried by marine diatoms, which are highly sili
ceous organisms. Szabo [98] has noted a high discrimination factor (DFQ[) of 600 
for radium with respect to calcium for a mixed plankton sample of siliceous diatoms 

http://6ip.14.ift.22.26.30
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analysed by Koczy and Titze [115] in a North Sea sample, which suggests preferen
tial uptake of radium by diatoms. The EPR study of Chung [99] has revealed a near 
linear correlation between silica and radium from surface water to a depth of about 
2 km (with a slope of 2.5 x 10"3 dis/min Ra per /miol Si), which is almost identi
cal to the northeast Pacific Ocean value of Chung and Craig [116]. However, at 
depths below 2 km, this linear relationship is at odds with a trend indicating a general 
enrichment of radium relative to silica in deep water, possibly due to primary 226Ra 
injection from bottom sediments. 

5.1.2. Coastal water 

First reports of slightly higher 226Ra concentrations in coastal water relative 
to open ocean water came from Blanchard and Oakes [117]. Subsequently, Li et al. 
[107] reported a higher concentration of 226Ra in the Hudson River estuary than that 
observed either in the river itself or in the adjacent surface ocean water. The authors 
proposed that 226Ra is released by coastal sediments consisting of estuarine and con
tinental shelf sediments, which form an important source of 226Ra migration to the 
ocean. This was further corroborated by measurements in the Pee Dee River-
Winyah Bay estuary, in South Carolina, USA, by Elsinger and Moore [118] who 
concluded that a desorption mechanism can quantitatively explain the increase of 
226Ra in brackish water. 

Santschi et al. [114] calculated a 226Ra flux from sediments to overlying 
waters of 5 mBq-cm"2-a-1 in the waters of Narragansett Bay, Rhode Island, USA. 
In estuarine regions the influence of salinity on the desorption of radium from sedi
ments has been noted by some investigators to enhance 226Ra concentrations in 
overlying waters. Moore [108], in his interesting investigations at Chesapeake Bay, 
demonstrated the clear influence of salinity on the desorption of 226Ra from particu
lates. He observed that at salinities less than 0.5%, about 12% of 226Ra in the water 
is in soluble phase, while above 5% salinity, over 80% is in the dissolved phase. 

Table IX gives the 226Ra content of different oceanic localities, which 
includes some of the major seas, bays, estuaries and gulf regions of the world and 
certain bodies of near shore coastal water. A general look at the table shows a narrow 
and uniform spread of 226Ra concentrations for most of the areas. In particular, the 
Mediterranean, Black and Baltic Seas have very close minimum and maximum 
values. A near similar trend may be seen for the Caribbean and Red Seas. Among 
other seas, the Arabian Sea recorded levels from not detectable to 6.6 mBq/L. 

For the other areas given in Table IX, the spread in 226Ra concentrations is 
more or less uniform, except for estuarine and shelf water in west central Florida. 
Here the 226Ra levels vary from 1.83 to 53.8 mBq/L for surface water and from 
1.83 to 22.0 mBq/L for deep water. These data show unusually high concentrations 
of 226Ra in water along west central Florida, in contrast to other US coastal loca
tions. These high concentrations are attributed to the mineralogy typical of the area, 
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TABLE XL Ra-226 AND Ra-228 CONCENTRATIONS IN OCEANIC WATER 

Region 

Atlantic Ocean (surface) 

North Atlantic (surface) 

North Atlantic (deep) 

Pacific Ocean (surface) 

South Pacific Ocean (surface) 

Equatorial Pacific 

West Pacific 

Pacific Ocean (deep) 

Indian Ocean (surface) 

Indian Ocean 

Indian Ocean 

Arctic Ocean (surface) 

Southern oceans 
(Antarctic - Pacific) 

Ra-226 (mBq/L) 

— 

— 

— 

— 

— 

— 

1.3 - 1.4 

— 

1.3 -2.28 

— 

— 

— 

— 

Ra-228 (mBq/L) 

0.21 - 3.40 

0.13 - 1.04 

0.017 - 0.925 

0.033 - 0.333 

0.015 - 0.06 

0.067 - 0.37 

0 .15-0.25 

0.03 - 0.28 

N D a - 1.12 

NDa - 6.66 

0 .10- 1.20 

0.43 

0.017 - 0.48 

Ra-228/Ra-226 

0.15-2.41 

0.09 - 0.62 

— 

0.021 - 0.24 

0.011 -0 .04 

0.046 - 0.27 

0.11 -0 .19 

0.008 - 0.016 

0 - 0.69 

— 

0.07 - 0.85 

0.29 

0.003 - 0.34 

Reference 

[125] 

[124] 

[124] 

[125] 

[124] 

[124] 

[104] 

[124] 

[104] 

[103] 

[125] 

[125] 

[125] 

> 
to 

ND: not detected. 
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which is known for its rich phosphate deposits [81]. The rich phosphate mineraliza
tion in the area, and its exploitation by the local mining industry, has led to high 
levels of 226Ra in groundwater and surface rivers. The enhanced 226Ra levels in the 
estuarine and shelf water of Florida in effect may be traced directly to radium rich 
sediments and indirectly to rivers and seepage of groundwater and, in addition, pos
sibly to the active geothermal springs in the area. 

5.2. 228Ra 

5.2.1. Oceans 

Koczy et al. [119], during their investigation of the coastal water off Sweden, 
discovered the existence of disequilibrium conditions between 228Th and 232Th, the 
228Th values being found to be much in excess of those for 232Th. According to the 
authors, the excess 228Th concentration resulted from 228Ra, the latter being 
supplied to the oceans from river runoffs and bottom sediments. Later work by 
Moore and Sackett [120] and Somayajulu and Goldberg [121] lent support to the 
existence of excess 228Th relative to 232Th concentrations, which was attributed to 
an excess of 228Ra in ocean water. Blanchard [122], in his unique study to deter
mine 228Ra concentrations in coastal water from a study of marine organism shells, 
also suggested that there was an excess of 228Ra in coastal water. Moore [123] 
developed an analytical method for estimating 228Ra concentrations via 228Th in sea 
water, which was used for the first direct measurements of 228Ra in ocean water. 
On the basis of this measurement he suggested that the source of 228Ra in coastal 
water is diffusion of 228Ra from sediments following decay of 232Th in the sedi
ments. Subsequently, a comprehensive work by him gave a picture of the worldwide 
distribution of 228Ra in both the surface and deep water of the North Atlantic, South 
and equatorial Pacific, eastern Indian Ocean, the Mediterranean, Black and Arabian 
Seas and others [124]. Following this work, it was proposed by Moore that the 
source of surface water concentrations of 228Ra is diffusion from the near shore and 
continental shelf and rise sediments. Near bottom water close to the ocean sediments 
also shows considerable enrichment of 228Ra, conforming to the above hypothesis. 

Kaufman et al. [125] devoted considerable effort in attempting an even more 
detailed sampling and analytical programme covering the major oceans, i.e. the 
Atlantic, Arctic, Indian, Pacific and Antarctic Oceans, besides the Caribbean Sea, 
Gulf of Mexico, the Indonesian seas, etc. Along similar lines, Okubo et al. [104] 
conducted investigations in the surface sea water of eastern Indian and western 
Pacific Oceans. A summary of the representative cross-section of 228Ra data, 
together with 226Ra, is given in Table XI. 

The data in Table XI show that in general the surface water of the Atlantic and 
Indian Oceans has higher 228Ra levels than that of the Pacific Ocean. 228Ra concen
trations in the Indian Ocean are nearly 5-10 times greater than those of the western 
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FIG. 4. Variation in the Ra concentration and in water density as a Junction of depth at 
the second GEOSECS Intercalibration Station, 1970, near Bermuda [128]. 

Pacific [104]. According to Moore [124] and Kaufman et al. [125], the surface water 
of the Indian Ocean is richer in 228Ra than is Pacific surface water and possibly 
equals or exceeds North Atlantic surface water. From the studies of Okubo et al. 
[104], Kaufman et al. [125], Sakanoue et al. [126] and Nomura [127], it is clear that 
one of the major sources of 228Ra in the Indian Ocean is shallow water sediments 
of the Indonesian seas. Besides, Okubo et al. [104] are of the view that the major 
sources of 228Ra in surface water of the Indian Ocean are the coastal sediments or 
the continental shelves which surround the ocean. 

While surface water appears to have relatively higher 228Ra values, intermedi
ate and deep water are often found to have poorer concentrations. A depth profile 
of 228Ra at the second GEOSECS intercalibration station (Trier et al., Ref. [128]) 
(Fig. 4) demonstrates the decrease of 228Ra values with depth. In particular, there 
is a sharp decrease between 0.6 and 1.5 km depth, which also corresponds with a 
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I • I i Q I 
100 200 

Distance (km) from shore of Long Island 

FIG. 5. Variations in the 228Ra concentrations in surface water southeast of New York City 
as a function of distance from the shore of Long Island. Dashed and dotted lines show the 
expected rate of variation of 228Ra concentrations with distance for three possible values of 
the constant for horizontal eddy diffusion [125]. 

sharp rise in water density within the main thermocline. This observation has also 
been corroborated by Moore's studies relating to the application of 228Ra to ther
mocline mixing studies [129]. 

5.2.2. Seas and coastal water 

Table XII [130-132] gives 228Ra data for a range of seas and near shore 
coastal environments. It is generally observed that near shore water, particularly 
from restricted bays and sounds, has higher 228Ra levels than does open ocean sur
face water. However, these concentrations tend to become lower as one moves away 
from the coast, thus showing a close correlation between concentration and prox
imity to land [125]. For example, Fig. 5 shows the observed 228Ra concentration 
gradient in surface sea water southeast of New York City as a function of distance 
away from the shore of Long Island. The figure shows three lines of the expected 
variation in concentration with distance for assumed values of the coefficient of 
horizontal eddy diffusion, KY, of 5 X105, 106 and 5 x 106 cm2/s. The observed data 
seem to best fit the curve for 106 cm2/s. This appears to confirm the general con
clusion that coastal water is richer in 228Ra levels as compared with open ocean 
water and, further, that the 228Ra presence in surface sea water is mainly supported 
by its diffusion along the coastline from near shore and continental shelf and rise 
sediments. In view of these, near shore sea localities, estuaries and coastal water are 
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TABLE Xn. Ra-226 AND Ra-228 CONCENTRATIONS IN SOME OCEANIC LOCALITIES AND COASTAL WATER 

Region Ra-226 (mBq/L) Ra-228 (mBq/L) Ra-228/Ra-226 Reference(s) 

Mediterranean Sea (surface) — 

Mediterranean Sea (deep) — 

Caribbean Sea (surface) — 

Black Sea (surface) — 

Black Sea (deep) — 

Red Sea (surface) — 

Indonesian seas (surface) 1.38 - 2.77 

New York Bight (0.91 m) — 

Gulf of Mexico (surface) 0.97 - 1.92 

Chesapeake Bay, USA (0-40 m) 0.23 - 3.40 

Narragansett Bay, USA 1.90 - 2.50 

Tarapur, India, coastal 0.70 - 20.5 

West coast of India — 

Kalpakkam, India, coastal 1.06 - 2.64 

Bombay, India, coastal — 

0.33 - 0.63 

0.052 - 0.52 

0.62 - 1.15 

1.52 

0.111 - 1.52 

0.58 

0.38 - 10.5 

0.63 - 3.32 

0.77 - 1.50 

0.70- 11.5 

4.10 - 5.90 

13.5 - 20.8 

13.7-38.1 

4.15 - 7.77 

2.67 - 3.17 

0.14-0 .29 

0 .02-0 .18 

0.43 - 0.81 

0.37 

0.033 - 0.37 

— 

0.26 - 3.8 

0.39 - 1.99 

0.71 - 0.78 

1.17 - 4.08 

— 

— 

— 

2.4 - 4.9 

1.6- 1.9 

[124] 

[124] 

[125] 

[124] 

[124] 

[124] 

[104] 

[130] 

[105] 

[108] 

[114] 

[109-112] 

[131] 

[113] 

[132] 

> 
SO 
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expected to have higher 228Ra concentrations, which generally appears to be true 
(Table XII). The Indonesian seas show typically high concentrations of 228Ra, from 
0.38 to 10.5 mBq/L [104], which is attributed to the continental shelves and coastal 
sediments of the Indonesian seas. Kaufman et al. [125] have also drawn similar con
clusions in their study. 

The higher 228Ra values (0.7-11.5 mBq/L) seen in Chesapeake Bay [108] were 
explained by the author as being due to bottom sediment fluxes and desorption of 
228Ra from particulates in the water of the Potomac and Susquehanna Rivers enter
ing the Bay. Moore's work, as well as those of earlier workers [107, 118, 130], have 
demonstrated that when radium bearing river borne particles come into contact with 
salt water, the radium isotopes are desorbed into water. 

Depth data of 228Ra in the table are very few, which suggests that the 228Ra 
levels at different depths are considerably lower as compared with surface water, a 
trend noted in oceanic water. Near shore coastal water in the Indian Subcontinent 
displays significant 228Ra levels; for example, Tarapur (near Bombay): 
13.5-20.8 mBq/L; west coast: 13.7-38.1 mBq/L; Kalpakkam (east coast): 4.14 -
7.77 mBq/L. Some of these coastal areas are noted for the significant occurrence of 
monazite. 

5.3. 228Ra/226Ra activity ratios 

Moore [123] has discussed the use of 228Ra (T,A = 5.77 a) in the oceans as 
a natural tracer for studying marine processes occurring within a 3-30 year time-
scale. He has also described the applicability of 228Ra/226Ra activity ratios as 
tracers for studying lateral and vertical movements within the ocean. 

Near shore water, such as surface water close to continents and coastal water 
in contact with terrigenous sediments and having limited circulation with the open 
ocean, appear to have very high 228Ra/226Ra activity ratios. For example, some of 
the highest 228Ra/226Ra ratios (7.1) have been measured in the brackish water of 
Mississippi Sound. Similar enhanced ratios have also been observed in Chesapeake 
Bay (1.8); Long Island Sound (1.4); Davis Bay, Mississippi (2.5); Narragansett Bay, 
Rhode Island (2.0); Wellington Harbour, New Zealand (1.65); Penang Harbour, 
Malaysia (2.0) and a few other places [124]. 

When near shore water mixes with oceanic water, the 228Ra/226Ra ratio goes 
down. However, within surface water, large variations in this activity ratio have 
been observed by Moore [123, 124] and Kaufman et al. [125]. Atlantic surface water 
generally has higher ratios than Pacific surface water. For example, the Atlantic has 
activity ratios of 0.09-2.41 and the Pacific 0.011-0.2 (Table XI). According to 
Moore, the 228Ra/226Ra ratio is determined by a balance between the supply of 
228Ra to the water body and the lateral and vertical mixing rates within the water 
body. The activity ratios in the Atlantic and Pacific Oceans indicate that the mixing 
rate of the surface water is considerably longer than the ten year mean life of 228Ra. 
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TABLE XIO. ACTIVITY RATIOS OF Ra-228 AND Ra-226 (Ra-228/Ra-226) 
AND THEIR CONCENTRATIONS AT THE SECOND GEOSECS INTER-
CALIBRATION STATION [128] 

Depth (m) 

102 

200 

302 

400 

605 

891 

1516 

1790 

3000 

3500 

4070 

4893 

Ra-226 (mBq/L) 

1.23 

1.17 

1.17 

1.17 

1.37 

1.62 

1.57 

1.70 

1.82 

1.83 

1.98 

2.13 

Ra-228 (mBq/L) 

0.35 

0.30 

0.25 

0.25 

0.28 

0.18 

0.07 

0.09 

0.03 

0.03 

0.07 

0.20 

Ra-228/Ra-226 

0.29 

0.26 

0.22 

0.21 

0.21 

0.11 

0.044 

0.051 

0.015 

0.018 

0.037 

0.094 

In intermediate and deep ocean water, the 228Ra/226Ra ratio shows a rapid 
decline. A depth profile at the second GEOSECS intercalibration station (Table XIII) 
shows the ratio varying from 0.29 at the surface to 0.094 at 500 m. In the table, while 
226Ra shows a general increase with depth, the reverse situation appears to be true 
for 228Ra. Similar observations have been made in a coastal area in the Gulf of 
Mexico [105]. In addition, these show a temporal change in the radium activity ratio 
from 0.5 in 1968 to 0.7 in 1973 in the surface water. 

The 228Ra/226Ra activity ratios in the surface water of the Mediterranean, 
Caribbean and Black Seas are all less than unity and are also in a close range 
(Table XII). The deep water from these localities is characterized by even lower 
activity ratios, which is expected, owing to the supply and decay aspects of 228Ra. 
However, the surface water of the Indonesian seas show typically enhanced ratios, 
from 0.26-3.8, which is due to considerable diffusion of 228Ra from the continental 
shelves. Other regions given in Table XII, such as New York Bight (0.39-1.99) 
[130], Chesapeake Bay (1.17-4.08) [108], Kalpakkam, India (2.4-4.9) [113] and 
Bombay, India (1.6-1.9) [132] further support the fact that estuarine and coastal 
water is rich in 228Ra owing to diffusion from near shore and estuarine sediments, 
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thereby leading to enhanced 228Ra/226Ra ratios, as observed. Moore [108], follow
ing his studies in Chesapeake Bay on 226Ra and 228Ra flux rates and comparing his 
data with those of others from other bay and estuarine regions, has proposed that the 
flux rate of 228Ra from the sediments should be greater than that of 226Ra owing to 
the faster growth of 228Ra from its parent 232Th and the effects of bioturbation. 
Agreement with this hypothesis has come from Reid et al. [105] following studies 
in the Gulf of Mexico. 

5.4. Marine particulates 

Broecker et al. [92] suggested that radium in surface water 'fixed' onto particu
late matter that sinks to the deep ocean, where the radium redissolves. However, 
marine particulate radium measurements are few, being limited to some radium flux 
determinations. Li et al. [130] measured 228Ra concentrations in New York Bight 
water and concluded that sediments must release 6.17±1 mBq 228Ra-cmf2-a_1 to 
support the level measured in the overlying water. Santschi et al. [114] observed a 
linear relationship between die activities of 226Ra and 228Ra in the water of Nar-
ragansett Bay and concluded that the enrichment of these isotopes within the Bay was 
due to diffusion from bottom sediments. 226Ra and 228Ra activities in seston in the 
coastal water of Kalpakkam, India, ranged from not detected to 47.3 mBq/g and 
from not detected to 185 Bq/kg, respectively [113]. The Kd factors for both the 
radium isotopes in seston are between ~ 103 and ~ 104. Li et al. [130] have 
reported 226Ra concentrations in suspended matter in the Hudson River estuary to 
be between 5 and 30 Bq/kg. 

6. LAND CROPS 

As a homologue of calcium, which is an essential element in the plant meta
bolic system, radium is also adsorbed from the soil by plants. The actual concentra
tion of radium in the plant depends, however, on the radium content of the soil, 
including its availability to the plant and the metabolic characteristics of the plant 
species. However, in view of the fact that the radium content of soil varies fairly 
widely, corresponding variations in radium levels in land crops may be expected, as 
seen from Table XIV [133-135]. The uptake of radium by plants is also discussed 
in Chapter 5-6 of this volume. 

6.1. Normal areas 

Radium levels in different land crops, such as cereals and vegetables belonging 
to the leafy, tuber and succulent varieties, etc., from India are given in Table XIV, 
along with those of lichen, moss, etc., from Canada and Yugoslavia. On the face 



TABLE XIV. RADIUM CONCENTRATIONS IN LAND CROPS 

Region Sample description Ra-226 (Bq/kg wet) Remarks Reference 

Bombay, India 

Kalpakkam, India 

Saskatchewan, Canada 

Yugoslavia 

Normal 

Coconut 
(a) Kernel 
(b) Shell 

Rice 
Leafy vegetables 
Other vegetables and tubers 
Papaya 

Grass 
Spinach 
Other vegetables and tubers 
Cereals (rice, ragi) 
Casuarina foliage 
Casuarina foliage 

Forbs 
Moss 
Lichen 

Lichen 
Moss 

areas 

1.906 
0.692 

0.163 -0.296 
NDa - 0.851 
NDa - 0.348 

0.03 

0.226 
0.311 

0.02 - 0.037 
NDa - 0.089 

0.014 
2.03 

1.18 
2.08 
1.58 

2 .77-21.5 
3.62 - 15.3 

Th-228 (Bq/kg wet) 

0.259 - 0.555 
0.026 - 0.888 

NDa - 0.244 
0.052 

Ra-228 (Bq/kg wet) 

0.81 
0.074 - 0.37 
0.08 - 0.53 

0.836 
34.4 

[133] 

w z 
82 

[73] 

[134] 

[17] 



High background areas 
Th-228 (Bq/kg wet) 

Chavara, Kerala, India 
Manavalakurlchi, Tamil Nadu, 

India 

Ramsar, Iran 

Cereals (paddy) 
Leafy vegetables 
Other vegetables and tubers 
Papaya 
Plaintain 
Coconut 

(a) Kernel 
(b) Shell 
(c) Water 

Vegetablesb (beans, 
tomato, garlic, etc.) 

Vegetables0 (beans, 
tomato, garlic, etc.) 

Vegetables'1 (beans, 
tomato, garlic, etc.) 

Fruits (pomegranate, 
peach, orange, etc.) 

Fruits (pomegranate, 
peach, orange, etc.) 

Fruits (pomegranate, 
peach, orange, etc.) 

ND a -
0.326 -

ND a -
ND a-
ND a-

NDa 

0.1 -

- 0.662 
-2.12 
-4.78 
- 0.688 
- 0.281 

-5.73 
- 23.2 

0.107 

0.13 -

0.15 -

0.06-

0.14-

0.64-

0.03-

-2 .21" 

- 1.98c 

-0.44d 

-0 .81 b 

- 1.02c 

- 0.16" 

NDa - 5.59 
0.348 - 11.7 

NDa - 32.4 
0.059 - 21.9 
0.133 -0.222 

NDa - 90.6 
0.026 - 352 

0.015 

[133] 

[24] 

a 
> 

so 



TABLE XIV. (cont.) 

Region Sample description Ra-226 (Bq/kg wet) Remarks Reference 

Jaduguda, India 

Black Forest, Federal Republic 
of Germany 

Federal Republic of Germany 

Italy 

Leafy vegetables 
Other vegetables 

Tomato 
Okra 
Brinjal (aubergine) 
Beans 
Pumpkin 
Potato 

Fruit (papaya) 

Vegetables 
Fruits 
Grass, hay 
Vegetables (carrots, 

cabbage, etc.) 
Apples 

Vegetables 
Herbage 
Fruits 

0.16 

0.01 - 0.056 
0.9 
0.12 
0.05 
0.21 
0.06 
0.18 

0.037 - 6.29 
0.096 - 7.4 
0.259 - 18.5 
0.022 - 0.226 

0.033 

0.014 - 0.044 
0.163 - 0.27 

0.014 

Uranium mining area 
Uranium mining area 

[135] 

[61] 

[32] 

[59] 

3 
o 
> 

" ND: not detected. 
b Ra-226 = 1.86-7.14 Bq/g soil. 
c Ra-226 = 14.7-37 Bq/g soil. 
d Ra-226 = 0.74-1.16 Bq/g soil. 
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of it, the levels of 226Ra in the land crops from normal areas appear to be generally 
low. Among vegetables, leafy varieties seem to have slightly higher concentrations 
of radium than other vegetable types. However, somewhat striking is the Yugosla
vian data for moss and lichen [17], which has significantly higher 226Ra concentra
tions (2.77-21.4 Bq/kg wet) over that of similar sample types from Saskatchewan, 
Canada (1.58-2.08 Bq/kg wet) [134]. 

Data are also given in die table on 228Th for some of the samples, which are 
intended to give an idea of 228Ra concentration levels. The general observation 
from diis data is that the estimated 228Ra values are somewhat higher than the 226Ra 
contents in the same sample. Also, the unusually high 228Ra and 226Ra concentra
tions in casuarina foliage, from an enhanced radiation background field in Kalpak-
kam, are noteworthy. In contrast, much lower values are observed in the same plant 
species from a normal background field in the same area. 

A remarkable correlation between the unusually high concentrations of 226Ra 
and 228Ra in Brazil nuts (10.1-263 Bq of radium/kg) and barium has been shown 
by Penna Franca et al. [136], who observed that the Brazil nut tree showed a 
phenomenal tendency to accumulate barium. 

6.2. High background areas 

Data from Lalit and Shukla [133] (Table XIV) show that most of the fruits, 
vegetables and cereals grown in the high background region of Kerala, India, have 
significantly higher 226Ra levels. In particular, tapioca, leafy vegetables, chillies, 
kovai tender, etc., displayed higher 226Ra contents. Among coconut samples, the 
kernel fraction accounted for low 226Ra concentrations, which was similar to fruits 
and some vegetables, while the pericarp fraction contained a major portion of the 
total radionuclide content of coconut. The authors observe that no concentration 
process similar to mat occurring with Brazil nuts seems to be operating in the case 
of coconuts. However, owing to inhomogeneity of the radioactive areas along the 
Kerala coast, some of the samples do tend to show low radioactivity levels, compara
ble with diose from normal background areas. 228Ra is reported to be absorbed by 
plants growing in high background monazite areas in southern India [137]. Detailed 
investigations by the authors of 30 plant species consisting of 18 families in the 
enhanced radiation areas of Kerala and Tamil Nadu have shown elevated radioactiv
ity levels in plants growing there. From among the plant species, Launea pinnatifida 
showed activity of 1490 Bq/kg dry and 2170 Bq/kg dry, owing to 228Ra (from 
228Th) and 224Ra, respectively, while the plant Crotalaria retusa demonstrated the 
least activity (228Ra: 31 Bq/kg dry; 224Ra: traces). Also, while the leaves of some 
of the plant species displayed high accumulations of radium, the fruits and vegetables 
grown in the area had relatively poorer radioactivity concentrations. This may be 
partly explained, by some earlier studies relating to calcium and strontium, by the 
fact that when these divalent ions are absorbed continuously during die life of die 
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TABLE XV. RADIUM CONCENTRATIONS (Bq/kg DRY) IN PLANT 
PARTS [140] 

Plant type 
Plant part . 

Sunflower Cabbage 
(Helianthus annus) (Brassica oleracea) 

Leaves 99.9 - 666 9.3 - 99.9 

Stems 24.8 - 365 30.7 

Roots 636 1070 

TABLE XVI. Ra-226 AND Ra-228 CONCENTRATIONS IN VARIOUS FOODS 
(Bq/kg ASH) [21] 

Leafy vegetables 
Place 

Ra-228 Ra-226 

Guarapari and 29.6 - 233 11.1 - 37.0 
Meaipe, Brazil 

Araxaand 22 .2 -296 48 .1 -329 
Tapira, Brazil 

Rio de Janeiro, 0 - 66.6 0 - 3 3 . 3 
Brazil 

New York, USA 7.4 - 44.4 

Roots 

Ra-228 Ra-226 

18.5 - 185 7.4 - 44.4 

140 55.5 

33.3 - 51.8 0 - 22.2 

Fruits 

Ra-228 Ra-226 

3.7 - 140 0 - 88.8 

33.3 -48 .1 

plant, their accumulation in the areal organs of the plant most remote from the root, 
such as fruits and ears, is significantly lower than in some other tissues [138, 139]. 

These studies have conclusively demonstrated that 228Ra is the main long 
lived radionuclide absorbed by plants growing in monazite bearing, high background 
areas and whose decay within the plant builds up 228Th and 224Ra activity. The 
extent of this absorption by plants depends upon the radionuclide concentration in 
the soil, besides being related to the nature of the root system and growth pattern 
of the plant species. 
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Following uptake by the plant, radium is translocated in varying degrees into 
different tissues of the plant. According to Verkhovskaya et al. [140], who inves
tigated the distribution of radium in a number of plant species, such as sunflower, 
aubergine, spinach, cabbage, beans, barley, radish, etc., as a rule the radium content 
in leaves and roots is higher than in stems and generative organs, as shown in 
Table XV. 

Penna Franca et al. [21] have studied the 226Ra and 228Ra contents of various 
foods in the high background regions of Brazil and their values are given in 
Table XVI. 

The data show that in some of the leafy vegetables, 228Ra concentrations are 
higher by a factor of 5 as compared with normal values. Values by region show that 
Guarapari appears to have relatively lower radium concentrations in leafy vegetables 
when compared with Araxa. This may be due to the low solubility of the monazite 
present in Guarapari, leading to reduced uptake by the plant, while in Araxa the apa
tite association with radioactive minerals in the area enriches the radium content in 
many crop categories. Some of the highest values have been noticed in fruits, leafy 
vegetables and kidney beans. 

Marple [141] has carried out studies of 226Ra uptake and translocation in cer
tain plant species at inactive uranium mill sites in the USA. According to her data, 
the uptake of radium in a plant was found to be inversely correlated with calcium 
content in the substrate. However, Rusanova [142] demonstrated earlier that lower 
percentages of radium are leachable from soil with higher calcium and magnesium 
contents. The organic matter in soil also plays a significant role in the plant uptake 
of radium. For example, Grzybowska [143] reported greater radium uptake by plants 
growing in soil with low organic matter. 

Transfer factors are relatively convenient indices in establishing the degree of 
uptake of radionuclides from soil to plants. Obviously these values are dependent 
upon a number of environmental parameters, but, given a homogeneous soil medium 
and identical plant species, some kind of correlation pattern between the radium in 
the soil and the plant can be expected. Studies carried out at Jaduguda, India, on this 
aspect [144] showed a reasonably close range of transfer factors of from 4.1 X10~3 

to 30.3 x 10~3 for a variety of local grass growing in a homogeneous soil cover, but 
with varying 226Ra contents (100-4300 Bq/kg). Similar transfer values have been 
reported by Schuttelkopf and Kiefer [61] between soil and plants (grass, vegetables, 
etc.) in the Black Forest area of the Federal Republic of Germany. 

Tracy et al. [145], in a study of gardens contaminated by uranium process 
effluents in Ontario, Canada, reported that the highest radium concentrations were 
in roots, stems and leafy vegetables. Fruits generally displayed the lowest radium 
levels. Generally, the uptake among plants that were studied was consistent with a 
linear dependence on soil radium concentration, with a mean concentration factor of 
1.1 xlO - 3 . In a review of the parameters of interest in the terrestrial food chain 
transport of 226Ra, McDowell-Boyer et al. [146] have transfer parameters between 
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the soil and vegetables that range from l x l O - 4 to 4x10 2, showing a spread of 
about 2 orders of magnitude. 

7. AQUATIC ORGANISMS 

Aquatic organisms display a considerable ability to accumulate trace toxic ele
ments as well as radionuclides from water, although the concentration levels of the 
individual element or radionuclide in the water may be exceedingly small. Excellent 
reviews on the bioaccumulation by organisms of a number of trace metals and radio
nuclides are available [147-151]. However, the information available regarding dis
tribution data and the accumulation behaviour of organisms relating to natural 
radioactivity is meagre. 

In general, heavy metal uptake by marine organisms is believed to occur by 
processes of adsorption, absorption and ingestion, in association with food, particu
late matter and water. However, the degree of accumulation of a particular element 
by an organism depends upon the chemical form of the element in the ambient 
environment, the physicochemical conditions of the environment and the concentra
tion behaviour of the organism itself. Being a member of the alkaline earth group 
of elements, closely similar metabolic behaviour between radium and calcium, which 
is an essential element, may be expected. While this is generally true, cases of dis
crimination between the two elements in certain organisms have also been observed. 

The available radium data for the wide variety of flora and fauna occurring in 
the aquatic ecosystem are presented here, for obvious reasons, in two parts: 
(a) freshwater organisms and (b) marine organisms. Apart from the possible differ
ences in the accumulation pattern of organisms inhabiting the freshwater and marine 
ecosystems, oceanic water is characterized by a type of unique stability and a rather 
narrow spread in 226Ra levels. In contrast, freshwater 226Ra concentrations, as we 
have seen earlier, occur across a wide range. Some of these aspects may possibly 
be reflected in the 226Ra accumulations in the various categories of organisms. In 
classifying the vast variety of organisms resident in the two water bodies, the scheme 
evolved by Cherry and Shannon [152] for broadly classifying marine organisms is 
followed in this paper. 

This scheme is as follows: phytoplankton, macrophytes, zooplankton, Mol-
lusca and Crustacea and fish. Another common problem faced in a review of this 
type is the lack of uniformity among investigators in recording their data according 
to commonly acceptable units. While most authors give their results in terms of 
activities per unit weight of fresh or wet organism, many others tend to present their 
data in terms of unit mass of dry weight, and yet others use per unit mass of ashed 
material. This lack of uniformity by itself is not a problem, but when the task at hand 
is to compare the activities of various organisms in similar or dissimilar environ
ments and evolve appropriate rationales for the observed similarities or differences, 
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if any, practical difficulties arise. This can, however, be resolved by converting all 
of the data units into a single unit format by employing known conversion factors. 
Some of the data which were originally reported in ash weight or dry weight units 
by the authors have been converted to a wet weight format and reported in the tables. 
The conversion factors employed for this purpose are given in Appendix I. 

7.1. Freshwater oranisms2 

7.1.1. Plankton 

Phytoplankton, as a primary producer and as an important concentrating 
medium for many trace metals, is of considerable interest in radium distribution 
studies, but the data situation is far from satisfactory. In Table XVII [153-159], 
226Ra levels in mixed plankton from Belgium and in a zooplankton, Gammarus sp., 
from the Hudson River, USA, are reported. The 226Ra value for Tessenderlo, 
Belgium, is 2780 Bq/kg wet, and with the reported 226Ra concentrations in this 
fresh water being 0.04-1.0 Bq/L, the concentration factor (CF) works out to be 
between 2780 and 69 500. Tissue analysis of Gammarus by Paschoa et al. [155] 
shows maximum accumulation in the gastrointestinal tract (19.1 Bq/kg wet) and least 
in soft tissue (0.17 Bq/kg wet). 

7.1.2. Algae 

Of the various biological media useful in environmental monitoring, algae is 
possibly one of the most sensitive bio-indicators in studying stream pollution situa
tions. With the exception of stream locations where the physical and chemical condi
tions of the stream do not support the growth of algal mass, in most situations it is 
relatively easy to locate and sample algal material for studying the pollution status 
of the stream. Among the various stream biota unicellular algae have a unique quality 
in that they concentrate from the medium primarily the dissolved form of the element 
under study. 

Among early studies, Tsivoglou [157, 158] used filamentous algae in monitor
ing radioactivity in the Animas River in the vicinity of uranium mills in Colorado. 
226Ra concentrations of the order of 2.52 Bq/kg wet were recorded for uncontami-
nated streams, while concentrations as high as 2200 Bq/kg wet were observed at pol
luted locations of the Animas River, which demonstrated a high level of 
concentration potential of algae for 226Ra. Data from another such study, from 
Jaduguda, India, are given in Table XVIII [156, 160-162], which shows that 226Ra 
concentrations in stream algae vary from 251 to 893 Bq/kg wet, depending upon the 

2 See also Chapters 5-3 to 5-5 in this volume. 



TABLE XVII. Ra-226 CONCENTRATIONS IN FRESHWATER BIOTA 

Region 

Tessenderlo, Belgium 

Hudson River, USA 

Sample description 

Plankton (mixed) 

Zooplankton, Gammarus sp. 
(a) Whole body 
(b) GI tract 
(c) Soft tissue 
(d) Unidentified organ 
(e) Exoskeleton 
(f) Appendages 

Ra -226 (Bq/kg wet) 

Plankton 

2780.0 

1.74 
19.1 
0.17 

13.4 
0.67 
0.26 

Remarks 

Ra-228 (Bq/kg wet) 

2.26 
— 

— 
— 

Reference(s) 

[153, 154] 

[155] 

Jaduguda, India 

Animas River, USA 

Algae 

Stream algae 

Stream algae 
Stream algae 

251 - 8930 

2.52a 

2200 

Uranium mining area 

Bkg. area 
Uranium mining area 

[1^ 

[157, 
[157, 

>6] 

158] 
158] 

w 
z 
o 
> 
7> 

Saskatchewan, Canada 

Aquatic macrophytes 

Different species 
(e.g. Sparganium sp., 
Carex sp., etc.) 

1.44 
72.2 

Bkg. area 
Drill area 

[134] 



Mollusca 

Alligator Rivers, Australia Freshwater mussels 1.1 - 166 [57] 

Fish 

Australia 

Italy 

Canada 

Yugoslavia 

Belgium 

Jaduguda, India 

Barramundi, soft 
Barramundi, soft 
Black Bream, sofi 
Black Bream, sofi 

Lake fish 

Northern pike 
Longnose sucker 
White sucker 
Arctic grayling 

parts 
parts 
t parts 
t parts 

0 .19 - 8.51 
0.37 - 13.0 
2.96 - 3.7 
2.96 - 3.7 

0.052 - 0.12 

0.111 
0.074 
0.185 
0.629 

Pre-mining 
Post-mining 
Pre-mining 
Post-mining 

Different species 

Bream (soft tissue) 
Barbel (soft tissue) 
Trout (soft tissue) 

Catla catla 
(a) Soft tissue 
(b) Bone 

0.05 - 1.67 

7.62b 

1.77b 

2.83b 

0.2 
13.0 

[57] 

[59] 

[134] 

[62] 

[153] 

[156] 

o 
EC 
> 

§ 

o 



TABLE XVII. (cont.) o 

Region Sample description Ra-226 (Bq/kg wet) Remarks Reference(s) 

Alwaye, India 

Labeo rohita 
(a) Soft tissue 
(b) Bone 

Fish from mine water drains 
(a) Soft tissue 
(b) Bone 

Ophiocephalus sp. 
(a) Muscle 
(b) Bone 

Ophiocephalus sp. (upstream) 
(a) Soft parts 
(b) Bone 

Clupea longiceps 
(a) Soft parts 
(b) Bone 

Etroplus 
(a) Soft parts 
(b) Bone 

0.019 
0.55 

2.96 
51.8 

2.6 - 7.9 
20.6 - 40.0 

< 0.074 
0.703 

0.37 
0.89 

0.15 -0 .24 
4.26 - 8.54 

[156] 

[156] 

Mining area [159] z 
O 
> 
SO 

[42] 

a In Bq/kg ash. 
b Eviscerated whole. 
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proximity of the sampling location with respect to the process effluent discharge 
location. It was observed in this study that there is a gradual fall in 226Ra levels in 
algae as one proceeds downstream, with a corresponding fall in 226Ra concentra
tions in stream water. The derived 226Ra CFs for stream algae — mainly Spirogyra 
sp. — are in the range of 800-3100, which are in general agreement with those of 
Tsivoglou [157, 158] in the range of 500-1000. These CFs strongly support the 
notion that stream algae (e.g. Spirogyra sp.) are useful indicators of radium contami
nation in the aquatic environment. 

7.1.3. Mollusca 

Among aquatic fauna, relatively higher radioactivity accumulations are gener
ally observed in shell fish as compared with fish. However, there is very little infor
mation on natural radioactivity levels in shell fish, particularly in a freshwater 
environment. In this context, the Australian data of Davy and Conway [57] 
(Table XVII) is of interest, which is from the Alligator Rivers area of the uranium 
province in the Northern Territory. 226Ra concentrations range from 1.1 to 
166 Bq/kg wet and CFs of 10 to 12 100 are observed. However, the high degree of 
scatter in the data points to factors other than merely the environmental concentration 
of radium. No conclusive evidence of discrimination of radium in the organism dur
ing calcium and magnesium metabolism was found. 

7.1.4. Fish 

In view of the widely differing radium activities in water over a range of 
aquatic environments, highly fluctuating radium concentrations can be expected in 
the resident biota of such water bodies. 226Ra levels in a variety of fish species from 
different study areas are given in Table XVII. These data, however, come from 
mixed environments, i.e. both natural and contaminated areas owing to the paucity 
of available data. Therefore, without going into actual figures, the general conclu
sion is that the bone has higher levels of radium compared with muscle, which is 
understandable considering the analogous behaviour of radium and calcium. 
However, whether the observed variations in activity levels among samples from the 
same study region could be attributed to temporal, seasonal or species factors needs 
elucidation. 

The Australian data reported in Table XVII for two species of fish — 'Bar-
ramundi' and 'Black Bream' — do not appear to reveal a marked contrast between 
pre-mining and post-mining levels. In the case of 'Barramundi', there is a wide 
spread in 226Ra levels in both pre- and post-mining situations, but with relatively 
little enhancement in the post-mining phase. This is attributed to the fact that there 
is practically no change in dissolved concentrations of 226Ra in stream water. The 
range of CFs are: pre-mining, 11-350; post-mining, 36-646. 



TABLE XVIII. Ra-226 AND Ra-228 CONCENTRATIONS IN MARINE BIOTA 

Region 

Kalpakkam, India 

World ocean localities 
(miscellaneous) 

Puerto Rico, USA 

Kalpakkam, India 

Kalpakkam, India 

Sample description 

Phytoplankton 
Zooplankton 

Phytoplankton 
Zooplankton (mixed) 

Chlorophyta 
Rhodophyta 
Phaeophyta 
Marine algae, kelp 

Chlorophyta 
Rhodophyta 

Mollusca 
(a) Soft parts 
(b) Shell 

Crustacea 
(a) Soft parts 
(b) Exoskeleton 

Ra-226 (Bq/kg wet) 

Plankton 

0.27 - 1.61 
0.08 - 9.03 

0 .19 - 66.6 
0.11 - 0 . 9 3 

Marine algae 

Mollusca, 

0.37 - 4.44b 

0.41 - 3.40b 

0.48 - 4.44b 

0.011 - 1.11 

0.07 - 0.42 
0.03 -0 .14 

Crustacea 

0.08 - 0.23 
0.45 - 0.89 

NDa - 0.3 
0.90 - 3.4 

Ra-228 (Bq/kg wet) 

NDa - 18.5 
0.36 - 6.76 

— 
— 

0.43 - 2.94 
NDa - 0.71 

0.88 - 2.2 
12.0 

0.12 - 0.77 
3.49 - 17.5 

Reference(s) 

[113] 
[113] 

[152] 
[152] 

[160] 
[160] 
[160] 

[151, 160] 

[161] 
[161] 

[113] 
[113] 

[113] 
[113] 

«! 
M 
Z 
Q 
> 



Japan 

USA 

Kalpakkam, 

Yugoslavia 

India 

Other areas 
(miscellaneous) 

a ND: not detected. 

Mollusca (soft parts) 

Ocean fish (herring, salmon, 
tuna, flounder, etc.) 

(a) Soft parts 
(b) Bone 

Coastal fish (ray, sardine, 
sole, cybium, etc.) 

(a) Soft parts 
(b) Bone 

Fish 

Fish 
(haddock, herring, etc.) 

0.015 - 1.39 

Fish 

NDa - 0.19 
0 . 3 6 - 1.45 

NDa - 0.22 
0.24 - 5.15 

0.02 - 2.63 

0 .10-0 .23 

0.27 -
2.1 -

-0.65 
- 33.3 

[162] 

[162] 
[162] 

[72] 
[72] 

[62] 

[10, 32] 

o 

§2 

= 
1 

Results reported by authors are normalized to the weight of the acid soluble fraction. 

o 
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Because radium and calcium are chemically similar, a study of the Ra/Ca ratios 
in the environment and in fish would be of considerable interest. De Bortoli and 
Gaglione [59] have studied 226Ra distributions with respect to calcium in the fish of 
some of the lakes in Italy. In the view of the authors, considering the movement of 
radium in the biological chain, the ratio of radium concentration relative to calcium 
should be independent of those variables which affect the absolute concentration 
ratio, thus reflecting the marked biological discrimination of radium against calcium. 
In this context, the observed ratio (OR) has been found to be useful, and is defined 
as follows: 

OR = 
Bq/g Ca in sample 

Bq/g Ca in precursor 

In the above study, the OR between fish and water, which is derived as the 
average of four lakes, is 0.2, with a large spread of from 0.09-0.31. It seems there
fore that the fish-water CF is related to the calcium concentrations in the different 
lakes. This correlation is shown in Fig. 6, from which it is observed that Lake 
Monate deviates markedly from the other three lakes. A correlation coefficient of 
0.998 makes the study significant at a probability level of a = 0.05. For purposes 
of comparison, ^Sr data taken from another study [163] are also shown in the 
figure. 
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FIG. 6. Correlation between the concentration factor of 226Ra in fish and calcium level in 
Italian lake water [59]. 
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As the available data on fish come largely from a mixture of polluted and non-
polluted environments, no precise conclusions could be drawn concerning the natural 
level of 226Ra distribution in fish. 

7.2. Marine organisms3 

7.2.1. Plankton 

Surface adsorption, including ion exchange, appears to be the main process of 
incorporation of most radionuclides in phytoplankton. Szabo [98] has noted that the 
trend of uptake of alkaline earth by mixed plankton closely followed the adsorption 
trend on a cation exchanger (Dowex-50) for the same group of elements in the order 
radium > barium > strontium > calcium > magnesium. The range of 226Ra 
levels in phytoplankton is quite large, from 0.19 to 66.6 Bq/kg wet (Table XVIII). 
Ku et al. [93] have suggested that marine diatoms, which are siliceous organisms, 
are rich in radium and these organisms are instrumental in the transport of 226Ra 
from the surface to depths of the ocean. The data of Shannon and Cherry [164] show 
that the highest 226Ra value (66.6 Bq/kg) in phytoplankton occurred in a sample 
dominated by the diatom Rhizosolenia sp. These authors have also noticed apprecia
ble variations in 226Ra concentrations in phytoplankton samples from different 
localities. 

228Ra values for phytoplankton are rare and the first few values recorded by 
this author [113] in near shore water at Kalpakkam in India show a concentration 
range of not detected to 18.5 Bq/kg wet, with CFs varying between 330 and 3090 
(Table XVIII). 

In the case of zooplankton, which is at the next trophic level, there appears to 
be a slight decrease in 226Ra values, in the range from 0.08 to 9.03 Bq/kg wet and 
the latter maximum value seems to be more of an 'outlier'. The 228Ra content of 
zooplankton appears to be in the range of between 0.36 and 6.76 Bq/kg wet. The 
reported CF values for zooplankton range from 50 to 5200 and 60 to 1100 for 226Ra 
and 228Ra, respectively [113]. 

7.2.2. Algae 

Radium concentrations appear to be well regulated in the case of macrophytes, 
with the concentrations being in a near uniform range for Puerto Rican samples. 
Also, no significant differences were observable between species belonging to 
chlorophyta, rhodophyta and phaeophyta. The results of Kalpakkam studies also tend 
to support this observation. 

3 See also Chapters 5-1 and 5-2 in this volume. 
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To the best knowledge of this author, no information exists in the literature on 
228Ra levels in marine macrophytes. The very first values from Kannan [161] for 
Kalpakkam in India, show that in chlorophyta 228Ra values are 0.43-2.9 Bq/kg wet, 
while for rhodophyta they are from not detected to 0.71 Bq/kg wet, thus indicating 
slightly enhanced values in chlorophyta. The 228Ra/226Ra activity ratios were, for 
chlorophyta, 4.3-13.1; rhodophyta, 3.8-12. 

7.2.3. Mollusca and Crustacea 

In the soft parts of molluscans, 226Ra and 228Ra concentrations lie in the range 
from 0.08 to 0.23 and 0.88 to 2.2 Bq/kg wet respectively [113]. Slightly enhanced 
levels were found in their shells, with values between 0.45 and 0.89 Bq/kg wet for 
226Ra and 12.0 Bq/kg wet for 228Ra. The activity ratios of 228Ra/226Ra were in the 
range from 9.6 to 18.9 for the soft and hard tissues. The CFs for 226Ra in soft parts 
were in a narrow range (50-64), but for the hard shells they were relatively higher 
(260-510). The CFs for 228Ra, which are few, appear scattered (50-1960). These 
data show clear evidence of a higher degree of radium uptake by molluscan shells. 
Cherry and Shannon [152] report a 226Ra concentration range of 0.07-2.11 Bq/kg 
wet, with a typical value of 0.74 Bq/kg wet for molluscan and crustacean soft parts. 
For molluscan shells, values ranging from 0.11 to 7.8 Bq/kg wet, with a typical 
value of 1.85 Bq/kg wet, were also reported by them. The Kalpakkam values, while 
being in general conformity with these data, show a somewhat downward trend. In 
comparison, molluscan data from the USA show a wide range of 226Ra levels, from 
0.015 to 1.39 Bq/kg. 

The soft parts of crustaceans have closely similar 226Ra concentrations (not 
detected-0.3 Bq/kg wet) as those of Mollusca. However, the crustacean exoskeleton 
part shows appreciable 226Ra concentrations (0.9-3.4 Bq/kg wet). High 226Ra and 
228Ra levels were seen in the gill tissue of crab, Neptunus sp., at 16.2 and 
136 Bq/kg wet, respectively, with an 228Ra/226Ra ratio of 8.4. Further, the CFs for 
226Ra and 228Ra in the gill tissue were very high, i.e. ~ 104, far above the CF 
values of ~ 102 for radium nuclides among the organisms studied. 

7.2.4. Fish 

Fish at Kalpakkam also had low 226Ra and 228Ra levels, similar to Mollusca 
and Crustacea. The 228Ra/226Ra activity ratios were in a narrow range of 2.1-6.5. 
Bone had higher 226Ra (0.24-5.15 Bq/kg wet) and 228Ra (2.1-33.3 Bq/kg wet) con
centrations than muscle (not detected - 0.22 Bq/kg wet), along expected lines. Holtz-
man [162] has reported 226Ra concentrations in the soft tissue of Atlantic and 
Pacific fish as being in the range of not detected to 0.19 Bq/kg wet, with an average 
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TABLE XIX. RADIUM CONCENTRATIONS IN TERRESTRIAL ANIMALS 

Region 

Federal Republic 
of Germany 

USA 

Federal Republic 
of Germany 

USA 

Animal/description 

Pig 
(a) Pork 
(b) Liver 

Pig 
(a) Pork 
(b) Bone 
(c) Milk 
(d) Blood 
(e) Lung 
(f) Liver 
(g) Kidney 

Cow 
(a) Beef 
(b) Blood 
(c) Teeth 
(d) Bone 

Cattle, choroid of the eye 
(a) Choroid 
(b) Iris 
(c) Choroid and iris 
(d) Retina 
(e) Muscle 
(f) Vitreous and 

aqueous humour 
(g) Cornea 
(h) Sclera 

Cattle 
(a) Soft tissue 
(b) Bone 

Calf 
(a) Liver 
(b) Salami 
(c) Cow's milk 

Dog 
(a) Choroid and iris 
(b) Sclera 

Ra-226 (Bq/kg wet) 

0.03 - 0.06 
0.03 

0.0005 - 0.004 
0.5 - 1.1 

0.0022 - 0.0065 
0.002 - 0.0046 

0.0074 - 0.012 
0.0005 - 0.005 
0.0012 - 0.0067 

0.03 
0.007 

6.22 - 64.2 
4.5 - 22.5 

7.62 - 62.0 
4.51 - 61.5 
4.88 - 42.9 
0.33 - 0.74 
0.11 -0 .63 
0.41 - 1.00 

0.44 - 0.74 
0.67 

0.0004 
0.002 - 0.30 

0.013 
0.021 
0.011 

0.89 - 2.41 
0.19 

Reference 

[32] 
[32] 

[165] 
[165] 
[165] 
[165] 
[165] 
[165] 
[165] 

[32] 
[32] 
[166] 
[166] 

[167] 
[167] 
[167] 
[167] 
[167] 
[167] 

[167] 
[167] 

[166] 
[166] 

[10] 
[10] 
[32] 

[167] 
[167] 



110 IYENGAR 

TABLE XIX. (cont.) 

Region 

Yugoslavia 

Arctic biota 

Animal/description 

Goat 
(a) Choroid 
(b) Iris 
(c) Retina 
(d) Sclera 

Monkey 
(a) Choroid and iris 
(b) Retina 
(c) Sclera 

Bear" 
(a) Meat 
(b) Bone 

Deer" 
(a) Meat 
(b) Bone 

Buckb 

(a) Meat 
(b) Bone 
(c) Hooves 
(d) Antlers 

Wild boar" 
(a) Meat 
(b) Bone 

Chamoisb 

(a) Meat 

Cattle" 
(a) Meat 
(b) Bone 

Caribou 
(a) Muscle 
(b) Bone 

Reindeer 
(a) Muscle 
(b) Bone 

Ra-226 (Bq/kg wet) 

0.67 
1.11 
0.04 
NDa 

0.81 - 3.85 
NDa 

NDa 

0.41 - 0.47 
2.07 - 14.8 

0.18 -0 .95 
2.63 - 11.68 

0.41 
14.8 

8.36 
44.40 

0.86 
14.74 

0.049 

NDa - 0.45 
NDa - 7.5 

0.054 
8.33 

0.011 
13.5 

Reference 

[167] 
[167] 
[167] 
[167] 

[167] 
[167] 
[167] 

[17] 

[17] 

[17] 
[17] 

[17] 
[17] 
[17] 
[17] 

[17] 
[17] 

[17] 

[17] 
[17] 

[168] 
[168] 

[168] 
[168] 
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TABLE XIX. (cont.) 

Region Animal/description Ra-226 (Bq/kg wet) Reference 

USSR 

Elk/Moose 
(a) Muscle 
(b) Bone 

Seal 
(a) Bone 

Birds 
(a) Cock of the wood 

(Tetrao urogallus) 
(b) Grouse 

(Lyrurus tetrix) 
(c) Hazel grouse 

(Tetrastes bonasia) 
(d) Willow ptarmigan 

(Lagopus lagopus) 

0.015 [168] 
3.24 [168] 

0.9 [168] 

14.8 [140] 

7.4 [140] 

11.1 [140] 

7.4 [140] 

a ND: not detected. 
b Authors have not specified the units used, i.e. whether the results reported are in wet 

weight, dry weight or ash weight. 

value of 0.06 Bq/kg wet. The reported bone 226Ra levels were in the range of 
0.36-1.45 Bq/kg wet. Very few published values are available for 228Ra levels in 
fish and other marine organisms. 

8. TERRESTRIAL ANIMALS 

Animals form an important component of the terrestrial ecosystem and most 
of them tend to carry some radium 'burdens', depending upon their habitat, position 
in the food chain and dietary habits. However, data on the levels of radium in animals 
are generally sparse. 

Some of the reported 226Ra data for domestic animals, wildlife, etc., are 
given in Table XIX [165-168]. The data covered come mainly from the Federal 
Republic of Germany, the USA, the USSR and Yugoslavia and some regions near 
the Arctic. Almost all of the regions for which data are reported here are considered 
to be normal background areas. 
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The major route of radium entry in animals, like any other nuclide, is by inges
tion through food or drinking water. It was seen earlier that radium values in food 
and water can vary considerably even in a small geographical location. In addition, 
there are seasonal variations in the diet patterns of animals which have a bearing on 
radium incorporation in animals. During metabolism radium follows calcium 
qualitatively, being deposited in areas prone to calcium accretion. However, it is also 
observed that a certain level of discrimination of radium against calcium occurs in 
certain parts, such as bone, according to Muth et al. [32]. 

8.1. Discussion 

Table XIX gives a wide range of values for domestic and wild animals from 
various parts of the world. Among these, the data for domestic animals, such as pigs, 
cows, goats, etc., should be considered to be relatively important as they form the 
food for man. 

The data on pigs show that the flesh, which forms the edible diet of 
man, usually has the lowest level of activity. Similarly, other soft tissues, such as 
the liver, heart and kidney, also display relatively low concentrations. However, 
higher values are noticed in the lungs. Radium in the blood is in a narrow range, 
(0.0019-0.0044 Bq/kg wet), which shows the soluble radium to be in a state of 
migration to different body tissues. However, the highest radium values appear in 
bone (0.5-1.1 Bq/kg wet), as anticipated, along the lines of calcium deposition in 
bone. 

226Ra activity in beef is also low, as are the values given for cattle teeth and 
bone [165]. However, in the absence of radium concentrations in the other tissue of 
the cattle investigated, no interpretation is possible. 

Hunt [167] reported some interesting observations on 210Po, 226Ra and 228Th 
in the choroid of cattle eyes from the USA. His work followed from the reported 
pathological changes in the eyes of beagle dogs after intravenous injections of high 
concentrations of 226Ra [169], in which 226Ra was found to accumulate in the pig
mented parts of the eye. From Hunt's data given in Table XIX, relatively higher con
centrations of 226Ra in the choroid and iris of the cattle may be observed. The 
sclera, retina, cornea and aqueous and vitreous humours, in contrast, have much 
poorer 226Ra concentrations. Parallel observations have been made by Hunt in the 
choroid and iris of dog, goat and monkey eyes. 

Certain 226Ra data have been reported by Kljaic et al. [17] and Holtzman 
[168] among the game animals of Yugoslavia and the Arctic tundra. The animals 
investigated are bear, deer, buck, wild boar, chamois, caribou, reindeer, elk/moose, 
etc., which represent the temperate fauna of the northern hemisphere. The 226Ra 
distributions have been generally confined to meat and bones and a case with interest
ing data is reported for antlers. Once again the trend of significant accumulations of 
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TABLE XX. RADIUM CONTENT IN THE ORGANS OF SMALL MAMMALS, 
Microtus oeconomus, RESIDING IN RADIUM CONTAMINATED PLOTS [140] 

Type of area 

High activity area 

Average activity area 

Low activity area 

Control area 

Ra content 
in soil 
(Bq/kg) 

26 300 

1110 

167 

29.6 

Radium content (mBq/g) 

Up to 
2 months 

1570 

625 

248 

14.8 

2-6 
months 

2790 

703 

300 

20.7 

in various 

6-12 
months 

5570 

1369 

340 

22.2 

age groups 

12-18 
months 

5550.0 

1462 

366 

23.7 

226Ra is maintained in line with those of domestic animals. The data from Yugosla
via show that 226Ra levels in the meat in all of the animals is uniformly lower. 
However, the bones of the animals, while being higher in 226Ra content, show a 
wide range, e.g. bear bones: 2.07-14.8 Bq/kg; and deer bones: 2.63-11.7 Bq/kg. 
In the case of buck, 226Ra in bone registers a value of 14.8 Bq/kg. The highest 
value, 44.4 Bq/kg, has been recorded for antlers. The data of Holtzman show a sharp 
contrast in 226Ra content between muscle and bones, as is evident from Table XIX. 

Muth et al. [32] studied the variation in the natural radium burden for old 
chickens and observed that at the end of the bone growth period (60-100 days), the 
specific bone activity remained steady, which was comparable to humans. This con
clusively demonstrates that the radium content in the animal did not increase continu
ously with the age of the animal, though some divergence was noticed in hens owing 
to their moulting habit. 

Rare data on a group of birds in the USSR are reported in Table XX from the 
work of Verkhovskaya et al. [140].The values given are representative of the whole 
bird, but without taking into consideration the 226Ra content of the craw and 
gizzard. 

High internal contamination of the gizzard has also been noted by others (Paul 
et al., Ref. [170]). These authors, during their investigations in the high background 
areas of Kerala, India, found that fowls reared in these areas had very high 228Ra 
concentrations in their gizzards (35.5-540 Bq/kg). This is attributed to the pecking 
habit of fowls while feeding in the area, leading to ingestion of radioactive sand along 
with their feed. The 228Ra content in the other organs of fowls is much lower, as 
follows (in Bq/kg): flesh, 0.37-3.33; bone, 44.4-68.5; gizzard, 35.3-540; egg shell, 
56.2. 



114 IYENGAR 

228Ra levels in flesh are low, but somewhat higher than values observed in 
normal areas. The bone and the egg shell have near uniform 228Ra concentrations 
owing to their mineralized nature. However, these values are an order of magnitude 
lower in normal areas. 

228Ra levels in the gizzard vary over a wide range depending upon the con
tamination status of the feed and also the time. Transfer ratios of 228Ra to the bone 
and flesh of the fowl work out to 2.8 Xl0~3 and 7.5 X10"5, respectively. 

Another study relating to a high background area has been reported by 
Verkhovskaya et al. [140] in the USSR, in which increasing 226Ra concentrations in 
small burrowing mammals, Microtus oeconomus, have been noticed with a cor
responding increase in the age of the animal. The variation in 226Ra with increasing 
age of the animal in plots of high, medium and low 226Ra activities in soil is shown 
in Table XX. A clear increase in the 226Ra content in mammals up to 12 months old 
is noted. The subsequent growth period, i.e. 12-18 months, shows a very marginal 
rise in 226Ra content. This trend is uniform in all three activity plots studied, along 
with that of a control area. 

9. MAN4 . 

Being at the top of the food chain, man has also received some attention with 
respect to the internal distribution of radium in some tissue components. Some of 
these data covering areas of normal radiation background in 18 countries from differ
ent parts of the world have been compiled by the United Nations Scientific Commit
tee on the Effects of Atomic Radiation (UNSCEAR) [171]. Analysis of these data 
has revealed that the main deposition of 226Ra activity takes place in bone, with 
values ranging from 0.059 to 1.2 Bq/kg dry bone, with a mean value of 0.31 Bq/kg 
dry bone. 226Ra concentrations in other tissues, such as in lungs, gonads, red mar
row and yellow marrow, were each estimated to be 0.005 Bq/kg. A higher value, 
2.87 Bq/kg dry, was reported in a bone sample from Kerala, a region noted for high 
background radiation owing to the occurrence of monazite [172]. According to the 
model of alkaline earth metabolism in man [173], 70-90% of radium in the body is 
present in bone and the rest is distributed more or less equally in soft tissues. 

Fisenne et al. [174] have carried out extensive measurements of 226Ra and 
calcium in 588 human vertebrae samples from 13 countries. Combining their results 
with literature data, they derived a median, population weighted concentration of 
0.85 mBq 226Ra/g calcium. They also observed a uniform radium concentration pat
tern in the vertebrae samples from New York City, which was attributed to a 
homogeneous population within a small geographical area. However, in a subsequent 
study involving bone samples from Australia, Nepal, the USA and the USSR, 

4 See also Chapter 3-1 in Volume 2 of this publication. 
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Fisenne et al. [175] found that 226Ra in bone ash from the USSR was twice the 
median value of 0.42 Bq/kg ash, obtained in their earlier study. 

As regards 228Ra content in human bone, it is expected to be lower than that 
of 226Ra because of the short half-life of the former and the estimated biological 
half-life of 10 years for radium in the body [173, 176]. According to UNSCEAR 
[171], 228Ra in bone is equivalent to 0.088 Bq/kg, while in soft tissues its concen
tration is 0.004 Bq/kg, as derived from the ICRP model [173]. Data relating to 
radium in humans in the well known high background regions of Brazil and India 
are scarce. An estimated 226Ra value of 8.51 Bq in the Araxa-Tapira region of 
Brazil [171] and 14.8 Bq in India [172] have been reported in human bone samples. 

10. SUMMARY 

A near adequate database exists for the natural distribution of radium in the 
global environment. Some of the published data have been summarized on a 
geographical basis in the preceding paragraphs, which may be useful for making 
global flux estimates of radium or for deriving environmental models for radium 
using dosimetric considerations. While data availability has been generally good for 
most regions of the world, data for the African continent are scanty. 

Such environmental matrices as rocks, soil, surface water, groundwater, 
oceanic water, land crops, aquatic organisms, terrestrial animals and man, are 
included in this review. The data presented and discussed here, however, may not 
be complete. 

The reader will realize that the data covered emphasize the normal regions of 
the world, but they also attempt to cover some high background regions of the world, 
which also happen to be part of the natural radiation landscape. Apart from Kerala 
and Brazil, new regions, such as Ramsar in the Islamic Republic of Iran, some loca
tions in France and the USSR, etc., are also included. 

Among rocks a trend towards increasing 226Ra concentrations from basic to 
acidic rocks is very clear. The 226Ra content of soil varies widely owing to soil het
erogeneity and source factors. As expected, high 228Ra and 224Ra activities are 
found to prevail in soil from high background regions of Kerala and Brazil. High 
226Ra values are seen in soil from locations in France, the Islamic Republic of Iran 
and New Zealand. The high radium content of soil in some areas could be of particu
lar concern as soil is an important vector in the passage of radium to man through 
terrestrial food pathways. 

While 226Ra levels are low for surface water and lie in a relatively narrow 
range of concentrations, groundwater displays a much wider range, even a higher 
order of activity, depending upon the source characteristics in the study region. 
Stream biota show an appreciable potential for accumulating radium in a range of 
environments. For instance, the algae Spirogyra sp. exhibit good accumulation of 
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226Ra (CF: 800-3100) and this could serve as a highly useful indicator species for 
environmental radium. Other samples of biota, such as mussels, fish and aquatic 
macrophytes, also appear to possess good monitoring qualities. 

In marine water there is a profusion of data dealing with 226Ra and 228Ra, but 
these have been primarily derived while using radium as a tool to investigate marine 
geochemical processes. These data are extremely valuable for making flux estimates 
of radium on a global scale. Like freshwater biota, marine biota also exhibit a very 
good potential for accumulating 226Ra. Data on 228Ra for marine organisms are few 
and need to be increased. 

Some interesting uptake aspects of radium in land crops and terrestrial animals 
of high background regions are also discussed to highlight the impact of enhanced 
background on human exposures. 

Appendix I 

NOTE ON CONVERSION FACTORS 

With the aim of expressing all radium data in a uniform format, the reported 
data — whether in Bq/kg ash or Bq/kg dry — are converted to Bq/kg wet using the 
following conversion factors. 

Sample description 

Forbs 
Moss 
Lichen 
Vegetables 
Fruits 

Algae 
Aquatic macrophytes 

As expressed in 

Table XIV 

Bq/kg dry 
Bq/kg ash 
Bq/kg ash 

Table XVII 

Bq/kg ash 
Bq/kg dry 

Table XVIII 

Conversion factor 

0.267 
0.009 
0.0043 

0.017 
0.13 

Fish bone Bq/kg ash 0.4 
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Sample description 

Pig 
Pork 
Bone 
Milk 
Blood 
Lung 
Liver 
Kidney 

Cow 
Teeth 
Bone 

Calf 
Liver 

Cattle 
Bone 

Caribou, reindeer, elk/moose 
Bone 

As expressed in 

Table XIX 

Bq/kg ash 
Bq/kg ash 
Bq/kg ash 
Bq/kg ash 
Bq/kg ash 
Bq/kg ash 
Bq/kg ash 

Bq/kg ash 
Bq/kg ash 

Bq/kg dry 

Table XIX 

Bq/kg dry 

Bq/kg ash 

Conversion factor 

0.012 
0.45 
0.0076 
0.0108 
0.01 
0.012 
0.009 

0.7 
0.45 

0.35 

0.31 

0.45 
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SOURCES AND THE GLOBAL CYCLE OF RADIUM 

Z. JAWOROWSKI* 
Department of Radiation Hygiene, 

Central Laboratory for Radiological Protection, 
Warsaw, 
Poland 

1. THE EARTH'S CRUST AS A SOURCE OF RADIUM 

The principal source of radium in the biosphere is the Earth's crust, from 
where natural and man made processes transfer this element into the soil, aquatic and 
atmospheric environments. These processes lead both to the dispersion of radium at 
the local and global levels and to its enrichment in particular components of the 
biosphere. In this chapter only the global aspects of this phenomenon are discussed. 
The purpose here is to give an idea of the magnitude of the flows of 226Ra between 
compartments. However, some of the numerical values used for estimating the flows 
are highly uncertain. 

At the local level, in various components of the environment the activities of 
226Ra and 228Ra are rarely in radioactive equilibrium with their parents and daugh
ters, owing to chemical, physical and biological differences between them, but the 
equilibrium exists at the global level. This permits calculation of the activities of the 
226Ra and 228Ra present in the Earth's crust from the concentration of their uranium 
and thorium parents. 

The other source of radium in the biosphere is extraterrestrial matter falling 
on the surface of the Earth. The Earth's crust has a higher concentration of U and 
Th than the chondritic material currently coming in from the cosmos. The chondritic 
abundances of 0.014 ppm of U and 0.040 ppm of Th are lower than those in the con
tinental crust, where the respective values are 2.7 ppm and 9.6 ppm [1]. This is due 
to the geochemical fractionation of the Earth, with a strong upward concentration of 
U4 + and Th4+ , which are unable to enter into six fold co-ordination with oxygen 
in close packed, deep lying structures. In effect, nearly all of the U and Th are con
centrated above a depth of 400 km, or even closer to the surface [1]. 

In the crust uranium behaves as an ubiquitous and mobile element. The general 
tendency of uranium distribution during the evolution of the crust probably runs from 
a depletion of primary uranium mineralizations toward enrichment of secondary 
ones. 

* Present address: Fysisk Institutt, Oslo University, Blindern, Boks 1048, N-0316 
Oslo 3, Norway. 
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As a rule, uranium content levels are similar to those of thorium. Acidic rocks 
are the most extensive reservoirs of uranium and thorium. Igneous rocks are the 
original uranium source, but the richest concentrations are known to occur as 
hydrothermal and supergene deposits. 

Uranium may be transported by mechanical actions, but more commonly it 
moves in solution as a uranyl ( U 0 2

+ + ) complex with carbonate, sulphate and 
chloride ions. Under reducing conditions the uranyl ion is precipitated as primary 
complex oxide compounds by organic matter or insoluble hydroxides of iron or 
manganese. Under oxidizing conditions, secondary uranium minerals are precipi
tated by evaporation of uranium bearing solutions, such as phosphates, arsenates, 

TABLE I. CONTENT O F U, Ra-226, Th AND Ra-228 IN MAIN POOLS OF 
THE EARTH 

Pool U Ra-226 Th Ra-228 
(mass in g) (Bq) (Bq) (Bq) (Bq) 

Crust 

Continental, 17.3 X 1024(a) 

Oceanic, 6.5 x 1024 (a) 

Total 23.8 x 1024(a) 

Soil, 2.24 x 1020(b) 

Oceans, 13.7 x 1023(c) 

Groundwater, 4 x 102 '(c) 

Freshwater lakes and rivers, 
1.56 x 1020<c) 

Glaciers, 2.4 x 1022(d> 

Biota 

Land, 2.4 X 1018(e) 

Marine, 3.2 X 1015<e) 

Freshwater, 2 x 1015(e) 

Human, 3.3 x 10 l4(f) 

Atmosphere, 5.13 x 1021 (E) 

5.7 x 10" 

4.4 x 1022 

6.1 x 10" 

3 x 10'8 

6 x 10'9 

2 x 10'7 

5.7 x 10" 

4.4 x 1022 

6.1 x l O " 

7 x 1018 

5 x 10'8 

2 x 1017 

5 x 10'5 9 x 1014 

9 x 1014 2 x 1015 

3 x 10'3 4 x 10'4 

4 x 10'° 6 x 10'2 

2 x 1010 4 x 1012 

2 x 10'° 

1 x 1013 2 x 10'3 

6.1 

5.1 

6.7 

5 

5 

x 

X 

X 

X 

X 

10" 

1022 

10" 

10'8 

10'5 

6.1 x 

5.1 x 

6.7 x 

6 x 

5 x 

10" 

1022 

10" 

10'8 

10'5 

1 x 10 

2 x 10'3 7 x 1014 

6 x 10'2 

a Ref. [1]. b 112 x 106 km2 (i.e. excluding glaciers and permafrost); 1 m depth; density 
2.0. cRef. [6]. dRef. [7]. e Ref. [8]. f Ref. [9]. g 4.7 x 109 persons with an average 
weight of 7 X 104 g. 
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vanadates or silicates. Black shales and marine phosphates are commonly rich in 
uranium [2]. 

The solubility and mobility of uranium lead to the formation of large primary 
and secondary halos in the vicinity of mineralizations, which may be more prominent 
than the primary deposits and displaced from them at a distance of several tens of 
kilometres or more. 

Thorium is not susceptible to leaching under most supergene conditions and 
its principal mode of occurrence is in refractory heavy minerals. 

Radium is mobile only in sulphate-free neutral or acid solutions and is easily 
so precipitated with gypsum, anhydrite, borite and hydroxides of iron, manganese 
and aluminium. The geochemical differences between radium and uranium or tho
rium may lead to drastic changes in their radioactive equilibrium, which must be 
taken into account in gamma ray surveys for uranium exploration [3]. 

In rocks comprising the crust the typical concentrations of 238U and 232Th 
range between 0.37 mBq/g in ultrabasic rocks to 67 mBq/g in acidic rocks [1, 4]. 
The average concentrations of 238U and 232Th in the continental crust are estimated 
by Taylor to be 33 and 36 mBq/g, respectively, the corresponding values for the 
oceanic crust being 7 and 8 mBq/g [1]. Similar values were found in a more recent 
estimate [5]. With the density and mass of the oceanic crust at 3.0 and 
17.3 x 1024 g, respectively, and of the continental crust at 2.7 and 6.5 X 1024 g, 
the content of 238U in the total crust may be calculated to be 6.3 X 1023 Bq and that 
of 232Th 6.7 x 1023 Bq. Given the uncertainty of the numerical values used in this 
calculation, one may take the contents of 238U and 232Th in the Earth's crust to be 
the same. Assuming radioactive equilibrium between 238U and 232Th and their 
radium daughters, the activities of 226Ra and 228Ra in the crust are the same as the 
values calculated above for their parents. 

From the crustal pool, U, Th and Ra enter the terrestrial aquatic and 
atmospheric environments, and into the organic matter of the biota. 

2. RADIUM CONTENT IN BIOSPHERIC POOLS 

Table I [6-9] presents the amounts of U, Th and Ra in eight crustal pools calcu
lated from their known or assumed typical concentrations, given in Table II [10-40], 
and from the mass of the pools, with the exception of the atmosphere. The U and 
226Ra contents in the atmosphere were estimated from their annual atmospheric 
flows of 1.5 X 10 n Bq and 2.4 X 10 u Bq, respectively [25], and from their mean 
residence time of 29 days in the combined tropospheric and stratospheric compart
ments [41]. The mean concentrations of U and 226Ra in the total atmosphere of 
2 x 10"6 and 4 x 10"6 mBq/g, respectively, given in Table II, are calculated from 
their contents in the atmosphere and from the mass of the atmosphere. The results 
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TABLE II. TYPICAL AVERAGE CONCENTRATIONS OF U, Ra-226, Th AND 
Ra-228 IN MAIN POOLS OF THE EARTH (IN mBq/g) 

Pool 

Crust 

Continental 

Oceanic 

Extraterrestrial matter 

Soil 

Oceans 

Groundwater 

Lakes and rivers 

Glaciers 

Biota (wet) 

Land 

Marine 

Fresh water 

Human 

Atmosphere 

1.6 

2 

U 

33 a 

? a 

0.17 a 

12 b 

0.04 d 

0.04 s 

0.03 j 

i x l O - 4 ^ 

0.01 " 

0.01 p 

0.01 p 

x 10-6<" 

Ra-226 

33 

7 

0.17 

30 b 

0.004 e 

0.04 h 

0.006 k 

2.6 x 10-4(m) 

0.2 ° 

2 q 

2 q 

0.07 s 

4 x 10-6<t) 

Th 

36 a 

8 a 

0.15 a 

22 b 

4 x 10-6<d) 

0.04 ' 

0.007 ' 

0.007 r 

Ra-228 

36 

8 

0.15 

26 c 

7 x 10"5(0 

0.3 q 

2 q 

* Refs [1, 10]. "Ref. [4]. c Ref. [11]. d Ref. [12]. e Refs [13-15]. f Ref. [16]. 
g Refs [17-19]. h Refs [18-20]. '' Ref. [18]. j Refs [18, 21]. " Refs [18, 20, 22, 23]. 
'Refs [18, 24]. m Ref. [25]. n Refs [11, 26, 27]. ° Refs [11, 27-33]. p Ref. [34]. 
q Refs [20, 29]. ' Ref. [27]. s Ref. [11]. 'From mass of atmosphere and activities in 
Table HI (Refs [35-40]). 

of some of the measurements of the two nuclides in atmospheric air are similar to 
these calculated global mean concentrations [31, 42-45]. 

Measurements of 226Ra in the ambient air are rather scarce. The results of 
these measurements are given in Table III. This table contains only the data obtained 
by radiochemical methods, as gamma spectroscopic measurements of low levels of 
226Ra in the air were found to give unreliable results [44], having an approximately 
2000 times lower detection limit than radiochemical methods. The data from the 
vicinity of individual industrial sources of 226Ra emission are also not included. It 
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is reassuring to see that the theoretical mean global concentration of 226Ra in air 
calculated in this work of 4 x 10"6 mBq/g, i.e. 0.4 mBq per 100 m3 and by 
UNSCEAR [11] of 0.3 mBq per 100 m3, are in the range of the measured values. 
The concentrations of 226Ra in particulate form are given in Table III. The main 
sources of this form of 226Ra in the atmosphere are resuspension of soil and sea salt 
dust, volcanic eruptions, forest fires and anthropogenic particulates. In some of the 
emissions, e.g. in volcanic eruptions and industrial effluents, a volatile species of 
226Ra in the form of a hydroxide might be expected (see Chapter 1-4 in Volume 2 
of this publication). From glacier ice studies, it is seen that 226Ra entering the 
atmosphere is enriched in particles with which it is associated, as compared with 
abundances in the Earth's crust. The values of enrichment factors in various 
geographical regions range from 1 to 77, the global average being 7, i.e. much lower 

TABLE III. MEASURED CONCENTRATIONS OF Ra-226 IN AIR AT 
GROUND LEVEL IN URBAN AND RURAL REGIONS, AND AT HIGHER 
LEVELS IN THE TROPOSPHERE AND STRATOSPHERE 

Location Concentration Reference(s) 
OBq/m3 STP)a 

[35] 

[35] 

[36] 

[37] 

[38, 39] 

[40] 

[40] 

[36] 

[39] 

STP: standard temperature and pressure (0°C, 1 atm) (1 atm = 1.013 25 x 105 Pa). 

Braunschweig, Federal Republic 
of Germany (1980-1985) 

Berlin (West) (1985) 

Boulder, Colorado, USA 

New York City, New York, USA 

Warsaw, Poland 

Chorzow, Silesia, Poland 
(1981-1982) 

Gorce National Park, Poland 
(1981-1982) 

Troposphere over New Mexico, 
USA (1976) 

Troposphere and stratosphere 
over Poland, 3-15 km altitude 
(1973-1984) 

1.2 

1.8 

0.7 

0.003 

5.1-20.7 

4-45 

0.7-2 

12 

2.6-23.7 
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FIG. 1. Global cycle of 226Ra. (Content in pools and annual flows given in Bq.) 
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than in the case of other heavy metals, whose enrichments are hundreds to thousands 
of times higher [25]. In the same glacier study, no increase in the average global 
deposition of airborne 226Ra was observed in contemporary ice layers as compared 
with those from the pre-industrial period. 

226Ra concentrations in the troposphere decrease from highest values at 
ground level to lowest values in the upper troposphere, and again increase at 
stratospheric altitudes, with concentrations at 15 km (at STP) being higher than at 
ground level. The vertical distribution of 226Ra in the troposphere and in the lower 
stratosphere is similar to those of 238U, 210Pb and stable Pb, all of which have their 
sources on the surface of the Earth [38, 39]. Resuspension of soil and sea salt dust, 
forest fires and industrial emissions are probably responsible for the distribution 
patterns of 226Ra in the troposphere, whereas the high stratospheric concentrations 
might be the result of volcanic eruptions. The non-violent upward transport through 
the tropopause with stratospheric trapping is also a possibility. 

As can be seen in Table II, there is a decreasing trend in U, Th and Ra concen
trations in these pools between the Earth's crust and the atmosphere, with the values 
for biota being near the middle. This last feature is at variance with the distribution 
of concentrations of stable lead and cadmium, the concentrations of which in the 
biota are near to those in the crust and soil [8, 46]. 

As compared with the main pools, the content of 226Ra in the biota is rather 
small and there is no direct relationship between concentrations of 226Ra in a partic
ular compartment of the biosphere and in the corresponding biota. For example, rela
tively high concentrations of 226Ra in the soil are associated with rather low 
concentrations in the land biota. On the other hand, in oceanic and river water, the 
low concentration of 226Ra is associated with its high level in the biota. 226Ra con
centrations in human biomass are lower than in other types of biota. This might sug
gest that acculturation decreases the natural 226Ra intake in man as compared with 
other land biota. This is supported by the historical trends of 226Ra concentration in 
human bones which, during the past 1700 years, decreased by a factor of about 2, 
probably because of changes in diet [30]. 

3. FLOWS BETWEEN POOLS 

The flow of radium, uranium and thorium from their principal pool in the 
Earth's crust into the biosphere is determined by hydrothermal and weathering 
processes. On the basis of current knowledge, it would be difficult to determine 
exactly the size of the flows of radium between particular reservoirs or pools and 
only a tentative assessment can be made (see Fig. 1 and Table IV [47-49]). The most 
difficult assessment is probably that of flow from the deeper parts of the crust to the 
soil layer. There are three main sources of radium in the soil: (a) uranium and tho
rium present in the minerals that are in the soil and neighbouring rocks; (b) solutions 
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TABLE IV. ANNUAL FLOWS OF Ra-226 IN THE GLOBAL CYCLE 

Atmospheric particle emissions 

Total 

Natural primary particulates 

Anthropogenic primary particulates 

Coal fly ash 

Extraterrestrial matter 

Rivers (total) 

From coal mines 

Oceanic sediment 

Lithogenous deposition 

Biological deposition 

Groundwater 

Biological uptake 

Land 

Fresh water 

Marine 

Human 

Precipitation (wet) 

Precipitation (dry) 

Phosphate fertilizers (into soil) 

Nuclear industry 

Power production (atmosphere) 

Power production (rivers) 

Weapons production (atmosphere) 

Material flow 

(g/a) 

2.9 x 1015(a) 

1.5 x 10,5<a) 

5.1 x 1014<a) 

6.5 x 10!3(c) 

1 x 10 ,3(a) 

4.1 x 10'9(e) 

1.5 x 1016<f) 

5.4 x 1016(h) 

1.4 x 10'9(e) 

12 x 1016(f) 

1 x l O ' 5 m 

6 x 1016(0 

4.7 x 109 persons 

5.25 x 1020(e) 

2.9 x 1015(a) 

1.3 x 10'4(" 

— 

— 

— 

Ra-226 flow 
(Bq/a) 

2.4 

2.3 

9 

2 

4 

2.3 

6 

4.4 

1 

5 

2.2 

2 

1 

6 

1.4 

1.1 

4.1 

5 

6 

1 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

JO 14(b) 

10 "(b) 

JO 12(b) 

JO 12(0 

108(d' 

l014(d) 

J0l2(m) 

JO "(g) 

10'4(d) 

JO 14(d) 

JO 13(d) 

1012(d) 

l014(d) 

1 0 9<0 

10'"® 

10'"*' 

10'3d) 

l 0 10(O 

j012(m) 

JO 10(c) 

a Ref. [47]. b Ref. [25]. c Ref. [48]. d Calculated from material flow and concentration in 
Table II. e Ref. [6]. f Ref. [46]. g Concentration assumed as in soil; h Ten per cent of annual 
biological uptake is asssumed to be deposited in sediments. ' Daily intake of 33 mBq per 
person, after Ref. [11]. s Concentration assumed as in glacier ice. k Difference between 
total flow with particulates and wet precipitation. ' Ref. [49]. m See text. 
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of radium and its parents migrating from deeper layers to the soil; and (c) fallout 
from the atmosphere of radium and its parents. 

The average activity concentration of 226Ra in the soil is higher than that of 
238U, which reflects a greater mobility of uranium. This effect, if it exists, is less 
evident in the case of 232Th and 228Ra. On the other hand, the greater mobility of 
uranium is reflected in its higher concentration (than radium) in the rivers (Table II). 
To the total content of 226Ra in soil of 6.7 X 1018 Bq, the annual groundwater flow 
of 5 x 1014 Bq contributes only a small part, which is rather difficult to estimate 
at present. 

From the total atmospheric annual flow of 226Ra of 2.4 X 1014 Bq, estimated 
on the basis of the global average 226Ra concentration in glacier ice, probably only 
6.3 x 1013 Bq falls on the surface of soil free of glaciers (i.e. 133.5 x 106 km2), 
7.4 x 1012 Bq falls on Antarctic and Arctic glaciers (98.5%) and on mountain 
glaciers (1.5%) and 1.7 x 1014 Bq falls on the oceans. The anthropogenic contri
bution to the global atmospheric flow of 226Ra with particulates is only about 3.5%, 
i.e. 8.5 xlO1 2 Bq [25], of which in 1981 2.4 X 1012 Bq was from coal burning, 
5 x 1010 Bq from the civilian nuclear fuel cycle and 1.3 X 109 Bq was from 
nuclear weapons production [48], the remaining coming from other industrial and 
agricultural activities. The estimates of the annual flow of extraterrestrial matter 
entering the atmosphere range across several orders of magnitude [50, 51], with the 
upper values reaching about 10 x 106 t. Assuming the concentrations of U and Th 
in this matter to be the same as in chondritic material, i.e. 0.17 and 0.15 mBq/g, 
respectively, one may deduce the quantities of these nuclides coming in from outer 
space as 2 X 109 Bq/a for U and 1.5 XlO9 Bq/a for Th and the same amounts for 
their corresponding daughters. 

The anthropogenic flows into the global atmosphere are much smaller than the 
annual flow of 226Ra into cultivated soil with phosphate fertilizers, estimated to be 
4 x 1010Bq [49]. Of this amount, about 1 x 1010Bq probably enters the 
atmosphere in a year during the manufacture of fertilizers, but there are no data for 
estimating the atmospheric flows from the mining and milling of the rock and from 
resuspension of fertilizers with the soil and plant particles. There is also a lack of 
sufficient data to estimate the contribution of fertilizers to the global river inflow of 
226Ra into the ocean. 

The flow of 226Ra into the oceans is dominated by the decay of its 238U parent 
present in sea water. Out of the total 238U in oceanic water (5.6 X 1019 Bq), 
approximately 2 X 1016 Bq of 226Ra is formed each year. One of the decay 
products of 238U before 226Ra, 230Th, is removed from open oceanic water by 
adsorption with settling particles and, in effect, its seawater residence time is of the 
order of 5-40 years, i.e. much shorter than needed for the completion of radioactive 
equilibrium between 238U and 226Ra in sea water [52]. The presence of a sizeable 
quantity of 226Ra in deep water is attributable to the dissolution of particles; the 
contribution of 226Ra from sediments to the total content of 226Ra in sea water of 
2 x 1020 Bq does not exceed 15% [14], i.e. 8 x 1018 Bq. 
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Of the annual biological marine uptake of 226Ra of 1 X 1014 Bq, it is 
assumed that 10%, i.e. 1 x 1013 Bq, returns to sea water and 90%, i.e. 
9 x 1013 Bq, enters the bottom sediments. 

The total annual inflow of 226Ra to the ocean from rivers is 2.3 x 10 w Bq in 
non-biotic form (Table I) and probably 2.6 x 10" Bq in biotic form. This last 
value is calculated on the assumption that 14% of freshwater biota enters the oceans 
with river water [6]. 

The concentration of 226Ra in wastewater from some coal mines was 
reported [53] to reach to several hundred Bq/kg [54-57]. The maximum value 
reported by Tomza and Lebecka [54, 55] in this water discharged into the rivers was 
268 Bq/kg and a maximum annual discharge of 226Ra from a coal mine in Silesia 
was about 7 x 1010 Bq, comparable to the 3.7 x 1010 Bq estimated by Gans et al. 
[53] for a mine in the Ruhr district, Federal Republic of Germany. Tomza and 
Lebecka [55] found that in the effluents from 16% of coal mines in Poland the aver
age concentration of 226Ra was above 37 Bq/kg and in 28% above 3.7 Bq/kg. They 
calculated that the total annual 226Ra discharge into the rivers from Silesian 
coal mines, producing 1.9 x 1014 g of coal [58], is about 3.7 x 10" Bq [55]. 
Assuming that the situation in Polish coal mines is similar to that in other regions 
of the world, one may tentatively deduce that in 1983 the global production of 
2.8 x 1015 g of coal [57] was associated with a 226Ra discharge to the rivers of 
approximately 6 X 1012 Bq. 

Aquatic releases of 226Ra from the nuclear fuel cycle are limited to operations 
in mining, milling and fuel fabrication. Sufficient data are not available for estima
tion of the releases of 226Ra with wastewater from uranium mines. The annual 
releases with mill tailings are estimated to be 3.5 X 1012 Bq per GW(e) [59], of 
which about 1-5% is in dissolved form [11] which, this author assumes, enters the 
rivers. The 180 GW(e) of world installed nuclear electrical generating capacity was, 
in 1984, associated with a discharge of 226Ra into rivers of about 6 X 1012 Bq. 
Fuel fabrication leads to annual aquatic releases of 1.3 X 108 Bq per GW(e) and 
the corresponding global discharge into rivers in 1984 was 2 X 1010 Bq. 

All human activity contributes only about 1 % to the global atmospheric flow 
of 226Ra and about 5% to the global river flow. This is much less than is necessary 
to influence the perennial natural fluctuations of 226Ra concentrations, which in pre-
industrial precipitation were found to be 28% higher than at present [25]. 
Atmospheric flows from nuclear power production are about 46 times smaller than 
from coal burning, but the river flows are similar for both methods. 

The use of phosphate fertilizers leads to the highest anthropogenic flow of 
226Ra. This flow is of the same order of magnitude as several global scale natural 
processes, e.g. flow with river water, biological deposition in the oceans, biological 
marine uptake, or dry fallout from the atmosphere. The agricultural activities of man 
have, up till now, probably led to the greatest anthropogenic changes in the 
biosphere. This is also valid for the global cycle of 226Ra. 



CHAPTER 2-2 139 

REFERENCES 

[1] TAYLOR, S.R., Trace element abundances and the chondritic Earth model, Geochim. 
Cosmochim. Acta 28 (1964) 1989-1998. 

[2] ROSTOV, I., "Crystallochemical differentiation and localization of uranium ore 
deposits in the earth's crust", Recognition and Evaluation of Uraniferous Areas (Proc. 
Technical Committee Mtg Vienna, 1975), IAEA, Vienna (1977) 15-33. 

[3] INTERNATIONAL ATOMIC ENERGY AGENCY, Gamma-Ray Surveys in Uranium 
Exploration, Technical Reports Series No. 186, IAEA, Vienna (1979). 

[4] VINOGRADOV, A.P., Geochemistry of Rare and Dispersed Chemical Elements in 
Soils, Isdatel'stvo Akademii Nauk SSSR, Moscow (1975) (in Russian). 

[5] SHAW, D.M., Development of the early continental crust. Part III. Depletion of 
incompatible elements in the mantle, Precambrian Res. 10 (1980) 281-299. 

[6] LVOVICH, M.I., World Water Resources and Their Dynamics, Panstwowe 
Wydawnictwo Naukowe, Warsaw (1979) (Polish translation from Russian). 

[7] CHODAKOW, W.G., Snows and Ices of the Earth, Panstwowe Wydawnictwo Nau
kowe, Warsaw (1971) (in Polish). 

[8] NRIAGU, J.O., "Properties and the geochemical cycle of lead", The Biogeochemistry 
of Lead in the Environment (NRIAGU, J.O., Ed.), Part A, Elsevier/North-Holland 
Biomedical Press, Amsterdam (1978) 1-14. 

[9] Wielka Encyklopedia Powszechna, Vol. 1, Paristwowe Wydawnictwo Naukowe, War
saw (1962). 

[10] HAACK, U., On the content and vertical distribution of R, Th and U in the continental 
crust, Earth Planet. Sci. Lett. 62 (1983) 360-366. 

[11] UNITED NATIONS, Sources and Effects of Ionizing Radiation (Report to the General 
Assembly), Scientific Committee on the Effects of Atomic Radiation (UNSCEAR), 
UN, New York (1977). 

[12] HIGGO, J.J.W., CHERRY, R.D., HEYRAUD, M., FOWLER, S.W., 
BEASLEY, T.M., "Vertical oceanic transport of alpha-radioactive nuclides by 
zooplankton fecal pellets", Natural Radiation Environment III (Proc. Int. Conf. 
Houston, 1978) (GESELL, T.F., LOWDER, W.M., Eds), Vol. 1, CONF-780422, 
Technical Information Center, Unted States Department of Energy, Oak Ridge, TN 
(1980) 502-513. 

[13] CHUNG, Y., CRAIG, H., Pb-210 in the Pacific: The GEOSECS measurements of 
particulate and dissolved concentrations, Earth Planet. Sci. Lett. 65 (1983) 406-432. 

[14] BROECKER, W.S., GODDARD, J., SARMIENTO, J.L., The distribution of Ra-226 
in the Atlantic Ocean, Earth Planet. Sci. Lett. 32 (1976) 220-235. 

[15] KREMLING, K., Trace metal fronts in European shelf waters, Nature (London) 303 
(1983) 225-227. 

[16] SANTSCHI, P.H., LI, Y.H., "Removal pathways of Th and Pu isotopes in coastal 
marine environments", Natural Radiation Environment (Proc. 2nd Special Symp. Bom
bay, 1981) (VOHRA, K.G., MISHRA, U.C., PILLAI, K.C., SADASIVAN, S., 
Eds), Wiley Eastern Ltd, New Delhi (1982) 643-650. 



140 JAWOROWSKI 

[17] COWART, J.B., "Variation of uranium isotopes in some carbonate aquifers", Natural 
Radiation Environment III (Proc. Int. Conf. Houston, 1978) (GESELL, T.F., LOW-
DER, W.M., Eds), Vol. 1, CONF-780422, Technical Information Center, United 
States Department of Energy, Oak Ridge, TN (1980) 711-723. 

[18] GRZYBOWSKA, D., WARDASZKO, T., NIDECKA, J., Natural radioactivity of 
fresh waters in Poland, Pol. Arch. Hydrobiol. 30 4 (1983) 309-318. 

[19] ASIKAINEN, M., KAHLOS, H., Anomalously high concentrations of uranium, 
radium and radon in water from drilled wells in the Helsinki region, Geochim. Cos-
mochim. Acta 43 (1979) 1681-1686. 

[20] IYENGAR, M.A.R., "Distribution in nature", The Behaviour of Radium in Water
ways and Aquifers, (Final Report of Co-ordinated Research Programme on Source, 
Distribution, Movement and Deposition of Radium in Inland Waterways and Aquifers), 
IAEA-TECDOC-301 IAEA, Vienna (1984) 58-86. 

[21] MANGINI, A., SONNTAG, C , BERTSCH, G., MULLER, E., Evidence for a 
higher natural uranium content in world rivers, Nature (London) 278 (1979) 337-339. 

[22] HOLTZMAN, R.B., "Lead-210 (RaD) and polonium-210 (RaF) in potable waters in 
Illinois", Natural Radiation Environment (Proc. Int. Symp. Houston, 1963) 
(ADAMS, J.A.S., LOWDER, W.M., Eds), University of Chicago Press, Chicago, IL 
(1964) 227-237. 

[23] PAUL, A.C., LONDHE,V.S., PILLAI, K.C., "Radium-228 and radium-226 levels in 
a river environment and its modification by human activities", Natural Radiation 
Environment III (Proc. Int. Conf. Houston, 1978) (GESELL.T.F., LOWDER, W.M., 
Eds), Vol. 2, CONF-780422 Technical Information Center, United States Department 
of Energy, Oak Ridge, TN (1980) 1633-1654. 

[24] MIYAKE, A., SUGIMURA, H., TSUBOTA, H., "Content of uranium and thorium 
in river waters in Japan", Natural Radiation Environment (Proc. Int. Symp. Houston, 
1963) (ADAMS, J.A.S., LOWDER, W.M., Eds), University of Chicago Press, 
Chicago, IL (1964) 219-225. 

[25] JAWOROWSKI, Z., BYSIEK, M., KOWNACKA, L., Flow of metals into the global 
atmosphere, Geochim. Cosmochim. Acta 45 (1981) 2185-2199. 

[26] JAWOROWSKI, Z., et al., Influence of Industry on Pollution of the Environment and 
Human Population with Natural Radionuclides and Heavy Metals, Rep. CLOR-116/D, 
Central Laboratory for Radiological Protection, Warsaw (1982). 

[27] KLJAIC, R., MILOSEVIC, Z., HORSIC, E., BAUMAN, A., "The level of uranium, 
Ra-226 and thorium in lichens, moss and wild life in Central Yugoslavia", Natural 
Radiation Environment (Proc. 2nd Special Symp. Bombay, 1981) (VOHRA, K.G., 
MISHRA, U.C., PILLAI, K.C., SADASIVAN, S., Eds), Wiley Eastern Ltd, New 
Delhi (1982) 244-250. 

[28] PIETRZAK-FLIS, Z., Radium-226 in Polish diet and foodstuffs, Nukleonika 17 (1972) 
227-231. 

[29] IYENGAR, M.A.R., RAJAN, M.P., GANAPATHY, S., KAMATH, P.R., 
"Sources of natural radiation exposure in a low-monazite environment", Natural Radia
tion Environment III (Proc. Int. Conf. Houston, 1978) (GESELL, T.F., LOW
DER, W.M., Eds), Vol. 1, CONF-780422, Technical Information Center, United 
States Department of Energy, Oak Ridge, TN (1980) 1090-1106. 



CHAPTER 2-2 141 

[30] JAWOROWSKI, Z., BILK1EWICZ, J., "Are heavy metals and radium in man related 
to emissions from coal burning?", Health Impacts of Different Sources of Energy 
(Proc. Int. Symp. Nashville, TN, 1981), IAEA, Vienna (1982) 159-167. 

[31] SCHUTTELKOPF, H., KIEFER, H., "The Ra-226, Pb-210 and Po-210 contamina
tion of the Black Forest", Natural Radiation Environment (Proc. 2nd Special Symp. 
Bombay, 1981) (VOHRA, K.G., MISHRA, U.C., PILLAI, K.C., SADASIVAN, S., 
Eds), Wiley Eastern Ltd, New Delhi (1982) 194-200. 

[32] KHADEMI, B., TAHSILI, A., "Environmental radioactivity in certain parts of Iran", 
Natural Radiation Environment II (Proc. Int. Conf. Houston, 1972) (ADAMS, J.A.S., 
LOWDER, W.M., GESELL, T.F., Eds), CONF-720805-P1, Technical Information 
Center, United States Energy Research and Development Administration, Oak Ridge, 
TN (1972) 369-374. 

[33] KAMATH, P.R., IYENGAR, M.A.R., BHAT, I.S., "The changing radiation 
environment in India", ibid., CONF-720805-P2, pp. 917-928. 

[34] HORSIC, E., BAUMAN, A., "Uranium and Ra-226 levels in autochthonic fishes of 
an Adriatic estuary", Natural Radiation Environment (Proc. 2nd Special Symp. Bom
bay, 1981) (VOHRA, K.G., MISHRA, U.C., PILLAI, K.C., SADASIVAN, S., 
Eds), Wiley Eastern Ltd, New Delhi (1982) 239-243. 

[35] KOLB, W., personal communication, 1986. 
[36] MOORE, H.E., POET, S.E., Background levels of Ra-226 in the lower troposphere, 

Atmos. Environ. 10 (1976) 381-383. 
[37] EISENBUD, M., PETROW, H.G., Radioactivity in the atmospheric effluents of 

power plants that use fossil fuels, Science 144 (1964) 288-289. 
[38] JAWOROWSKI, Z., KOWNACKA, L., Lead and radium in the lower stratosphere, 

Nature (London) 263 (1976) 303-304. 
[39] KOWNACKA, L., et al., Measurements of the Concentration of Sr-90, Ru-106, 

Sb-125, Cs-137, Pb-210, Ra-226, U and Stable Pb in the Tropospheric and Lower 
Stratospheric Air From 1973 to 1984, Rep. CLOR-117/D, Central Laboratory for 
Radiological Protection, Warsaw (1985). 

[40] JAWOROWSKI, Z., BILKIEWICZ, J., "Influence of atmospheric emission from coal 
fuel cycle on the levels of natural radionuclides and heavy metals in the population", 
final report to the International Atomic Energy Agency, Research Contract No. 
2634/R1/RB, 1982. 

[41] BURTON, W.M., STEWARD, N.G., Use of long-lived natural radioactivity as an 
atmospheric tracer, Nature (London) 186 (1960) 584-589. 

[42] HAMILTON, E.I., The concentration of uranium in air from contrasted natural 
environments, Health Phys. 17 (1970) 511-520. 

[43] KOLB, W., Radionuclide Concentration in Ground Level Air from 1978 to 1979 in 
North Germany and North Norway, Rep. PTB-Ra-11, Physikalisch-Technische Bun-
desanstalt, Braunschweig (1980). 

[44] KOLB, W., personal communication, 1985. 
[45] JAWOROWSKI, Z., et al., Influence of Industry on the Particulate Pollution of the 

Troposphere and Stratosphere, Central Laboratory for Radiological Protection, War
saw, final report to the US Environmental Protection Agency on Research Contract 
No. 05-536-4 (1982). 



142 JAWOROWSKI 

[46] NRIAGU, J.O., "The human cadmium cycle", Cadmium in the Environment. Part I: 
Ecological Cycling (NRIAGU, J.O., Ed.), Wiley, New York (1980) 2-12. 

[47] MITCHELL, J.M., Jr., "A reassessment of atmospheric pollution as a cause of long-
term changes of global temperature", The Changing Global Environment 
(SINGER, S.F., Ed.), Reidel, Dordrecht (1975) 149-173. 

[48] JAWOROWSKI, Z., Natural and man-made radionuclides in the global atmosphere, 
Int. At. Energy Agency Bull. 24 2 (June 1982) 35-39. 

[49] UNITED NATIONS, Exposures from Natural Sources of Radiation, Document 
A/AC.82/R.430, Scientific Committee on the Effects of Atomic Radiation 
(UNSCEAR), UN, New York (1985). 

[50] ELLSAESSER, H.W., "The upward trend in airborne particulates that isn't", The 
Changing Global Environment (SINGER, S.F., Ed.), Reidel, Dordrecht (1975) 
235-269. 

[51] BONDARENKO, G.N., KOROMYSLICHENKO, T.I., SOBOTOVICH, Z.V., 
Assessment of the Fallout Rate of the Cosmic Matter on the Basis of Osmium Content 
in Glacier Suspensions and in Pacific Red Clays, Problemy Kosmokhimii, No. 2, 
Isdatel'stvo Naukova Dumka, Kiev (1975) 45-49. 

[52] ANDERSON, R.F., BACON, M.P., BREWER, P.G., Removal of Th-230 and 
Pa-321 at ocean margins, Earth Planet. Sci. Lett. 66 (1983) 73-90. 

[53] GANS, I., FUHRMANN, D., WELLER, E., WOLLENHAUPT, H., "Radium in 
waste water from coal mines and other sources in the Federal Republic of Germany", 
Natural Radiation Environment (Proc. 2nd Special Symp. Bombay, 1981) 
(VOHRA, K.G., MISHRA, U.C., PILLAI, K.C., SADASIVAN, S., Eds), Wiley 
Eastern Ltd, New Delhi (1982) 444-451. 

[54] TOMZA, I., LEBECKA, J., "Radium-bearing waters in coal mines: Occurrence, 
methods of measurement and radiation hazard", Radiation Hazards in Mining: Control, 
Measurement and Medical Aspects (Proc. Int. Conf. Golden, CO, 1981) 
(GOMEZ, M., Ed.), American Institute of Mining, Metallurgical and Petroleum 
Engineers, New York (1981) 945-948. 

[55] TOMZA, I., LEBECKA, J., Natural sources of ionizing radiation in Polish hard coal 
mines, Prz. Gorn. 41 (1985) 30-34 (in Polish). 

[56] TOMZA, I., LEBECKA, J., personal communication, 1985. 
[57] TOMZA, I., LEBECKA, J., PLUTA, T., Radioactivity of Waters in Carboniferous 

Formations of the Upper Silesian Coal Basin, Komunikaty G16wnego Urzedu 
G6rnictwa, Warsaw (in press). 

[58] Statistical Almanac 1984, Central Statistical Office, Warsaw (1984) (in Polish). 
[59] UNITED NATIONS ENVIRONMENT PROGRAMME, Environmental Impacts of the 

Production and Use of Energy, UNEP, Nairobi (1981) 322. 



Part 3 

ANALYTICAL METHODS 





Chapter 3-1 

INTRODUCTION 

P. BENES 
Department of Nuclear Chemistry, 

Technical University of Prague, 
Prague, 

Czechoslovakia 

The chapters in this part deal with the analytical methods suitable for the deter
mination of radium concentrations and forms in a variety of environmental samples. 
Such determinations generally consist of the following steps: sampling, sample 
preservation, preparation of the sample for analysis, measurement of the radium con
tent or form and evaluation of the analysis. There exist a number of methods, and 
modified versions of them, for performing the individual steps and, consequently, 
there are a large number of possible combinations of methods for carrying out the 
analysis. Thus, it would be more useful to discuss the individual analytical steps 
separately, rather than to describe the complete sets of analytical procedures that are 
used, or proposed for use, by individual authors. 

This is the approach adopted here, the methods for measuring radium isotopes, 
for preparing samples and for the evaluation of analytical errors being discussed in 
separate chapters (3-2 to 3-9 and 3-11). Methods of sampling are dealt with only 
briefly (Chapters 3-9 and 3-10) as they are not specific for radium and are exhaus
tively described elsewhere. The preservation of samples containing radium is dis
cussed in Chapters 3-9 and 3-10. 

However, it is not possible to separate completely the individual steps of the 
analysis because they are often interrelated. For instance, some methods of radium 
measurement place specific requirements on the properties of the measured samples, 
and their use may necessitate the employment of specific methods for sample prepa
ration. Some of the measurement methods may also require specific procedures for 
evaluating the results. It was felt that these aspects would be better discussed in the 
chapters dealing with the specific methods of radium measurement. The authors of 
these chapters (3-2 to 3-8) were thus asked to discuss all aspects of the analytical 
procedures that are important for, or specific to, the given method of radium 
measurement, with more general problems left for discussion in Chapters 3-9 
to 3-11. 

A very important task for every analyst is the selection of the sampling and 
analytical procedures most suitable for the analysis. If we ignore such important, but 
mostly economic, issues as the availability of equipment and the analytical capacity 
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needed, such selection then depends on the following factors: the purpose of the 
analysts, the concentration of radium in the sample, the isotope of radium to be deter
mined and the nature of the environmental sample (sample matrix). 

The purpose of the analysis primarily determines the kind of analytical infor
mation that is required and the precision or accuracy needed. For instance, an 
approximate determination of the total radium concentration in many rock and soil 
samples may be sufficient for a survey of the natural radium distribution in a geologi
cal environment, whereas a detailed study of radium migration in an aquatic environ
ment would require the analysis of the physicochemical forms (speciation) of 
radium, placing much higher demand on the precision of radium determination in 
separated fractions of environmental samples. The speciation procedures for the 
analysis of radium forms require special analytical methods and are thus treated in 
a separate chapter (3-10). 

Environmental samples usually contain very low concentrations of radium 
which, moreover, may vary by many orders of magnitude. Such low concentrations 
can be determined only by using the most sensitive methods of measurement, or by 
suitable pre-concentrations. In the first case, the methods are often employed under 
conditions that are very close to the detection limits of the method, with the result 
that the error associated with the determination is very significant and proper statisti
cal treatment of the results is necessary (see Chapter 3-11). Pre-concentration of 
radium prior to its determination avoids problems with the detection limit, but 
difficulties can arise from the low and irreproducible efficiency of the 
pre-concentration. Furthermore, pre-concentration is difficult to carry out with 
certain types of environmental samples (e.g. rocks) and cannot be used in many 
speciation procedures because it may shift the equilibria between radium species 
(Chapter 3-10). The sensitivity of individual methods of radium measurement is dis
cussed in Chapters 3-2 to 3-8, while pre-concentration is briefly discussed in 
Chapters 3-2 and 3-9. 

As indicated in the papers in Part 2 of this volume, several radium isotopes 
can be encountered in the environment, of which only 226Ra and 228Ra are of 
environmental significance. Because of their different types of decay, the methods 
used for the determination of 226Ra and 228Ra differ considerably. This is discussed 
in Chapters 3-2 and 3-9. 

The nature of the environmental sample to be analysed largely determines the 
physicochemical form of the radium contained in it, which in turn significantly 
affects pretreatment of the sample and the method of determination of the radium 
concentration or form. For instance, 226Ra can be directly determined in a soil 
sample by gamma spectrometry, if present in a sufficient concentration, but it cannot 
be determined by emanometry without leaching or decomposition of the sample. The 
nature of the sample (matrix) may cause matrix effects in the determination. This is 
very important, for example, for gamma spectrometry of large volume solid samples 
with variable compositions or for the preparation of samples for counting by alpha 
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spectrometry, where the sample thickness can affect the resolution or effectiveness 
of the counting. 

Thus, owing to the many factors involved, it is very difficult to give any simple 
guide for the selection of the best analytical procedure. The reader can find useful 
advice in this respect in the chapters dealing with the individual methods of radium 
measurement (3-2 to 3-8) and particularly in Chapters 3-9 and 3-10. However, it 
must be admitted that not all of the important factors have been properly taken into 
consideration or discussed in Chapters 3-2 to 3-8, where different authors have 
treated the topics in different ways and at different levels of detail. 

In addition, the extent of treatment does not necessarily reflect the practical 
significance of the method discussed. For instance, the track detection method, 
whose application in radium determination has been very limited, is treated as exten
sively as is emanometry, the most commonly used method for 226Ra determination. 
Similarly, the discussion of error analysis (Chapter 3-11) focuses only on certain 
aspects of the subject, with some of the more general problems involved in measur
ing statistics, etc., not even considered. However, these are treated in a number of 
textbooks. 
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1. INTRODUCTION 

226Ra and 224Ra both decay to radon, a noble gas (222Rn and 220Rn, respec
tively). Collecting radon in a stream of carrier gas is a convenient means of separat
ing it from other, usually metallic, interfering nuclides. This is the principle 
underlying the emanation method. 

As long ago as 1910, Marie Curie described a method for the measurement 
of 226Ra, in which an emanation flask and a gas ionization chamber were used [1]. 
The saturation current was measured with an electrometer three to four hours after 
the chamber was filled when the current had reached its maximum value. This sys
tem was calibrated with a solution containing a known amount of 226Ra. The activi
ties that could be measured ranged from 37 Bq to 37 kBq. All emanation methods 
for radium are based on this early work and differ only in the style of emanation 
flask, in the gas used to flush the radon to the detector and the type of detector used 
to measure the amount of radon obtained. 

The emanation method has been primarily used for the determination of 
226Ra, where the half-life of the radon (222Rn) is relatively long (3.84 d). 224Ra, a 
member of the thorium series, is in great abundance in natural materials. Its half-life 
is 3.64 d and it decays to 220Rn, which has a half-life of 55.6 s, so it is not easily 

* Work supported by the Office of Health and Environmental Research, United 
States Department of Energy, under Contract No. W-31-109-ENG-38. 

** Present address: P.O. Box 1454, No. 23, 1380 Vista Montana Road, Sedona, 
AZ 86336, United States of America. 

*** Present address: Rue de Bossiere, No. 5, B-5830 Mazy, Belgium. 
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measured by the emanation method. Determination of Rn in the presence of 
222Rn can be done from the change in counting rate with time after filling of a 
Lucas cell [2]. However, a system with far greater sensitivity has been developed, 
in which the 212Pb daughter product (T1/2 = 10.6 h) is electrostatically collected 
onto a zinc sulphide scintillator. The alpha counting rate is then used to determine 
the amount of 224Ra present [3-5]. In this review, we describe and evaluate the 
various factors that need to be considered in the determination of 226Ra by the ema
nation method. 

2. SAMPLE PREPARATION 

2.1. Chemical treatment 

The water samples that are to be analysed by the emanation method frequently 
contain more than 0.1 Bq, so the only sample preparation required is to prevent the 
radium from precipitating onto the walls of the sample container. The amount and 
kind of acid added vary somewhat, but the addition of nitric acid until the pH falls 
below 2 is recommended by the United States Environmental Protection Agency [6]. 
However, some wells in Illinois contain freshly formed barium sulphate particles that 
deposit on the pump as barite [2]. The emanation efficiency of this water will 
decrease with time, as has been found experimentally [7, 8]. Fortunately, the emana
tion efficiency is restored when ethylenediaminetetraacetic acid (EDTA) is added 
and the pH adjusted to about 8 [6]. The radium content of the EDTA should be deter
mined prior to use because a concentration of 0.8 mBq/g has been found in some 
reagents [9]. 

2.2. Volume reduction 

Water samples, especially those from freshwater lakes, may sometimes be con
centrated by factors of 10 to 50 by evaporating or by freeze drying (lyophilizing) 
[10]. Although this process is simple, care must be taken to ensure that no radium 
is lost by precipitation or adsorption onto the walls of the container. However, the 
addition of alkaline EDTA should prevent the precipitation of any radium [6]. 

The barium sulphate precipitation method is one of the most important for con
centrating radium from the large volumes of liquid required by many of the systems 
[6, 11, 12]. The yield, which may be determined gravimetrically or by the addition 
of I33Ba [13], generally ranges from 90 to 98% [2]. Yields exceeding 98% indicate 
that the natural level of barium is significant and should be evaluated. In a recent 
study by Sill, it was shown that the radium and barium yields were both about 95% 
and equal within ± 1 % [14]. 
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For emanation analysis, the dissolution of the barium sulphate by the addition 
of alkaline EDTA is strongly recommended [6]. Barium sulphate may be converted 
to a soluble form by metastasis with 50% sodium or potassium carbonate; however, 
the yield ranges from 40 to 75% and must be separately determined [15]. 

3. EMANATION FLASKS 

The variety of styles of the emanation flask generally reflects the requirements 
or size of the detector being used to determine the emanation. The various styles cur
rently in use are described below. 

3.1. Style A 

The style A emanation flask shown in Fig. 1 was based on the design in use 
at the United States National Bureau of Standards (NBS) to measure the radium 
content of a solution [16]. This design appears to be based on work by Evans [17]. 

5 mm 

FIG. 1. Style A emanation flask. ($: stopcock bore.) 
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7 mm o.d. 

33 mm 

Corning No. 2 
or Equivalent 

Bubble Trap 
7 mm i.d. 

Rigidity Brace 

7 mm Capillary Tubing 
T/2 mrru.d. 

Fritted Glass Disc 
10-15 fim pores 

Volume to be kept 
at minimum 

035 mm§ 

FIG. 2. Style B emanation flask (i.d.: inside diameter; o.d.: outside diameter). 

The emanation flask is heated to boiling (considered necessary "since radon cannot 
be removed from water solutions by simply passing a stream of air, or other carrier 
gas through the solution" [18]) and 4 L of nitrogen are used to flush the 222Rn to 
a pulse ionization chamber. The standard taper at the top of the flask is connected 
to the bottom of a water cooled condenser. The large bore of the stopcock is needed 
so that the condensate can return to the emanation flask. 

The emanation flask does not include boiling stones so that 'bumping' is rela
tively frequent. When this happens either the sample is lost or the counting system 
becomes contaminated. Also, the hot condensate can cause some of the stopcock 
grease to return to the inside of the emanation flask until it is entirely coated. Fre
quent regreasing of the stopcocks is required for any sample that is processed 
repeatedly. 

3.2. Style B 

The style B emanation flask is shown in Fig. 2 [6]. The basis for this design 
appears to be early work by the Division of Radiological Health of the United States 
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Public Health Service [19, 20]. In this procedure, the 222Rn, which is in about 
50 mL of solution in the emanation flask, is flushed with helium into a scintillation 
type Lucas cell [21]. The efficiency of 222Rn removal from the solution was 
reported to be 99.5% [20]. 

This procedure is well suited for the routine analysis of 222Rn. The primary 
limitation is the small volume of liquid that can be processed. The major disadvan
tages imposed by this style of flask are the cost, fragility and difficulty in cleaning 
the fritted disk. Also, if dissolved bone ash is left in contact with the fritted disk for 
long periods of time, etching and leaching of 226Ra will occur. 

3.3. Style C 

The style C emanation flask shown in Fig. 3 was developed from the style A 
flask. The modifications were designed to reduce the cost and the amount of grease 
exposed to the radon. (A sample flask and reflux condenser in which dry ground 
joints are used to prevent the loss of radon by sorption on small rubber, wax, or 
grease sufaces has been described [18].) In the procedure where this flask is used, 
radon in the emanation flask is flushed with air at room temperature through two or 

18 
7 Semi-Ball 

500 mL 

FIG. 3. Style C emanation flask. 
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Syringe Body 
(1 cm3) 

18 gauge (1.40 mm dia.) 

Syringe Body 
(1 cm3) 

16 gauge (1.68 mm dia.) 

Butyl Rubber Septum 
3/4 in Drilled 

TOP VIEW 
CAP 

FIG. 5. Style E Emanation flask. (Note: 1 inch = 25.4 mm.) 

more dip type, water freeze-out traps and concentrated on cooled charcoal [22]. The 
flow rate is 1 L/m for 20 min. The water freeze-out traps are then purged for an addi
tional 5 min. The amount of solution varied from 300 to 400 mL when the 500 mL 
flask shown in Fig. 3 was used. 

The principal advantage of this method is that the size of the emanation flask 
can be varied: emanation flasks ranging from 50 mL to 20 L have been used. The 
volume of flush gas has been standardized at 20 L, or 20 times the volume of the 
liquid. Larger volumes are generally used for urine, blood serum, or blood plasma 
[23, 24]. The rate of 222Rn removal from the style C emanation flask was evaluated 
by collecting samples every five minutes. In a single experiment with the 500 mL 
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flask shown in Fig. 3, the amount of Rn collected in the last five minutes of the 
flush was 0.06 ± 0.02% of that initially present and corresponds to the amount of 
222Rn produced in 5 min. 

3.4. Style D 

The style D emanation flask, which is shown in Fig. 4, is used in the analysis 
of 228Th by the thoron emanation method [5]. The stopcocks shown are needed 
when both 226Ra and 224Ra are to be determined. Thoron is flushed continuously, 
usually for up to 16 h, into a 4 L tank and the daughter products electrostatically 
collected on the face of a copper disc coated with a scintillator. This disc is then 
placed in contact with another scintillator and the light emitted is detected with a 
photomultiplier counting system. 

3.5. Style E 

The style E emanation flask shown in Fig. 5 was developed at Argonne 
National Laboratory, Illinois, as a low cost, disposable emanation flask [25]. This 
flask was used in a study in which both 222Rn and 226Ra measurements were needed 
on a relatively large number of samples. The septum is held in place with a screw 
cap. Radon is removed from this flask by inserting 15 cm and 3 cm hypodermic 
needles through the septum and flushing the flask with air at 1 L/m by using the 
system described for the style C flask. If the needles are pretreated with silicon stop
cock grease, then adhesive is not needed to hold the septum in place. The loss of 
222Rn through the septum is less than 5%. 

This style of emanation flask is particularly attractive for surveys and in areas 
where glass blowing facilities are not available. The disadvantage is that the radon 
must be accumulated on cooled charcoal before it is transferred to the scintillation 
cell. 

4. EFFICIENCY PER UNIT VOLUME OF FLUSH GAS 

The efficiency of emanation removal per unit volume of flush gas depends on 
the bubble size [6]. The theoretical or equilibrium distribution coefficient (Henry's 
Law) for water at 20-30°C ranges from 0.25 to 0.195 [26]. Thus, at normal room 
temperature and under equilibrium conditions, 50% of the radon should be purged 
from a solution when the flush volume is one-fourth to one-fifth the volume of the 
water. 

The efficiency of 222Rn removal per unit volume of flush gas by the style B 
emanation flask has been reported as 99.5% when the flush volume is four times the 
volume of the liquid [20]. These data suggest that the efficiency of radon removal 
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from a solution by flushing is about 50% of the theoretical maximum and 
corresponds to a 50% removal for a flush volume of about half the volume of the 
liquid. 

The efficiency of 222Rn removal per unit volume of flush gas by the style A, 
C and E emanation flasks, which do not use fritted disks, is less than that of the 
style B and D flasks. The efficiency of radon removal by flushing was studied for 
style C emanation flasks ranging in size from 50 to 5000 mL. Multiple samples were 
obtained from each flask and it was found that 50% or more of the radon was 
removed when the flush volume was equal to the volume of the liquid. A reduction 
in the rate of 220Rn removal from the style D emanation flask by about a factor 
of 2 was observed when the fritted bubbler was replaced with a small orifice, such 
as that shown in the style C flask [27]. This experiment shows that the efficiency 
of emanation removal by flushing with the orifice type bubbler is about one-half that 
of fritted bubblers and about one-fourth of the theoretical maximum. 

The efficiency of emanation removal from all styles of emanation flasks will 
be reduced if the material in the emanation flask is blood or blood serum for which 
the distribution coefficient is about five times that of water [28]. This reduction has 
been confirmed by Nelson and Rust [23]. 

5. CONVECTIVE EFFECTS 

The fraction of the 222Rn that escapes from the solution into the air space in 
the emanation flask by convective mixing and diffusion has been determined for the 
style C emanation flask. In this study, the 500 mL flask containing 300 mL of solu
tion was stored on a laboratory bench. No effort was made to avoid exposure to sun
light or draughts. The bubbler in the flask had a large opening just above the surface 
of the liquid. A flush volume of 1 L (five times the volume of the gas) was found 
to contain 52 + 2% of the total in the flask. The mean temperature of the room dur
ing this study was not recorded. However, if we assume a temperature of 25°C and 
a distribution coefficient of 0.22, then under equilibrium conditions 67% of the 
222Rn would be in the air space above the solution. This suggests that emanation 
flasks can be constructed in which the solution is stirred magnetically and the flush 
gas passes only over the surface of the solution. 

6. VIRTUAL LEAKS 

The stopcocks and ground glass joints in all of the various styles of emanation 
flasks are either made of plastic, or sealed with grease into which radon may be dis-
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TABLE I. VARIATION OF THE CALIBRATION FACTOR WITH RADON 
GROWTH TIME 

Standard 

97-006 

97-003 

97-004 

Date 

1981-07-01 

1981-06-09 
1981-06-16 
1981-08-21 

1981-06-25 
1981-08-26 
1981-08-28 
1981-08-31 
1981-09-01 

Growth 
Ra-226 time 

(Bq) (d) 

0.366 6.17 

14.8 12.91 
7.04 

52.92 

14.8 6.00 
48.92 

1.92 
2.99 
0.99 

Mean 

Standard deviation 

Calibration factor 
observed 

(counts/s per Bq) 

2.49 

2.57 
2.59 
2.55 

2.54 
2.54 
2.55 
2.57 
2.58 

2.56 

0.030 

solved. The loss or leakage of radon into the grease requires a modified radon growth 
equation: 

G = 
XP + A, 

-(KR + \L)t 

where G is the fraction of equilibrium attained during time t since the last de-
emanation and A;? and \L are the decay constants for 222Rn and the fractional rate 
of the leak, respectively. 

An estimate for \L of 0.011 ± 0.002 d"1 was derived by non-linear least 
squares regression [29] for the data reported earlier [30] obtained by using the 
style C emanation flask. When these data are substituted into the equation above, for 
values of t greater than 25 d, the value of G is about 6% less than that from the usual 
growth equation in which Â , is omitted. Since the precision of the analysis is about 
± 1 %, this level of loss or leak should be easily detected. The experiment was 
repeated with particular care taken to avoid systematic errors and the data are sum
marized in Table I. These data, when analysed by non-linear least squares regres
sion, gave a value for \L of 0.0003 ± 0.0026 d"1, which is not significantly 
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different from zero and suggests that the amount of radon that is absorbed into the 
grease is not significant. 

The style B emanation flask has a relatively small volume of air in contact with 
the stopcocks and seals. Since the amount of radon in the air above the solution is 
about 50% of the total, it might be expected that the loss of radon into the grease 
from only 1-2 mL of air would be quite significant. 

The emanating efficiency of the style B flask relative to the style C emanation 
flask was evaluated using the following procedure: 

(a) A weighed aliquot of an NBS radium solution was added to each emanation 
flask. The weight was recorded to the nearest 0.01 mg and was reproducible 
to within ±0.1%. 

(b) The volume of solution was adjusted with 0. IN HN03 to 50 mL and 300 mL 
for style B and style C flasks, respectively. 

TABLE II. COMPARISON OF CALIBRATION FACTORS OBTAINED WITH 
STYLE B AND STYLE C EMANATION FLASKS 

Date 

1984-11-29 

1984-12-06 

1984-12-13 

1985-01-14 

1985-01-28 

Mean 

Standard error, 

Standard error, 

Style B 

Growth 
time 
(d) 

7.79 

7.01 

7.40 

27.00 

14.00 

internal 

external0 

Ratio ± aa 

0.9775 ± 0.0075 

0.9544 ± 0.0073 

0.9680 ± 0.0077 

0.9923 ± 0.0067 

0.9710 ± 0.0065 

0.9734 

0.0032 

0.0063 

Date 

1984-12-03 

1984-12-10 

1984-12-17 

1985-01-17 

1985-01-31 

Style 

Growth 
time 

(d) 

7.54 

7.73 

7.55 

29.90 

14.09 

C 

Ratio ± <ra 

0.9663 ± 0.0068 

1.0105 ± 0.0075 

0.9873 ± 0.0084 

0.9891 + 0.0068 

0.9899 ± 0.0071 

0.9924 

0.0032 

0.0043 

a Ratio of this study to previous calibration of Lucas cell No. 1 and standard deviation from 
counting only. 

b Henceforth abbreviated as SEint. 
c Henceforth abbreviated as SE„vt. 
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(c) The radon in the emanation flask was transferred to a charcoal trap by using 
radon free air. The emanation flasks were purged for 20 min at flow rates for 
styles B and C of 0.2 and 1.0 L/m, respectively. 

(d) The radon was always accumulated on charcoal trap No. 86, transferred to 
Lucas cell No. 1 and counted on system '6 ' . The radon was transferred from 
the charcoal trap to the Lucas cell using the system previously described [22]. 

(e) The radon from the style C flask was transferred on Monday and from the style 
B flask on Thursday to allow at least two opportunities for purging and flushing 
of the Lucas cell between samples. Ordinarily the Lucas cell has a 'memory' 
of 0.2%, which is eliminated by this procedure. 

(f) The Lucas cell was counted for 1000 min. 

From Table II, it may be seen that the difference between the calibration fac
tors determined for emanation flask styles B and Cis 1.9 ± 0.8% (or 1.5 ± 0.8% 
if the low result for 1984-12-06 is omitted). This difference is just at the edge of 
the 95% confidence level. Thus, no large loss of radon into the grease of the smaller 
emanation flasks is indicated. 

7. PROPOSED RESEARCH ON EMANATION FLASKS 

The efficiency of radon removal from a solution per unit volume of flush gas 
has been shown to vary with bubble size. The efficiency might also vary with the 
diameter and length of the water column, as well as with temperature. A study of 
these factors could provide the information needed to optimize the size and shape of 
the emanation flask. 

The diffusion of 222Rn from a stirred solution into the overlying air has the 
potential for being nearly as efficient as that from a style A emanation flask (heated 
to boiling), in which the concentration of 222Rn in the flush gas approaches theoreti
cal equilibrium values. Emanation flasks based on this principle could be convenient 
to use and should have high transfer efficiencies in minimum flush volumes. 

8. RADON CONCENTRATING METHODS 

The use of large flush volumes to transfer the radon from the emanation flask 
to cooled charcoal is particularly attractive because a single analytic system can use 
emanation flasks ranging in volume from 0.05 to 20 L [22, 31]. In addition, Nelson 
and Rust were able to measure 17-50 mBq of radium in 18 L of (7 d) acidified por
cine urine samples [32]. This method may also be used to measure the concen
tration of radon in the exhaled breath of living persons; this concentration can then 
be used to estimate their radium content [33, 34]. Blanks for this system are as low 
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as 4 X 10"5 Bq per sample, while systematic (external, non-counting) standard 
deviations in repeat measurements are less than 1.4% [2]. 

The radon from a 1 L emanation flask has been concentrated on silica gel that 
was cooled with liquid nitrogen [35]. The silica gel was then transferred to a scintilla
tion counting bottle and covered with a scintillator. The amount of radon was then 
determined using a standard scintillation counter. Although the background counting 
rate is higher than that obtained with the Lucas cell, the radon is counted with 100% 
efficiency so that 0.1 Bq of radon can be determined in a 100 min count. 

A system has been described in which the radon is collected in a trap cooled 
with liquid nitrogen and, after warming, transferred to a radon detector [36, 37]. 
These systems are very simple in concept, but suffer from poor precision and, fre
quently, relatively low sensitivity. 

A peristaltic pump has been used to recirculate the flush gas through the ema
nation flask [38]. This method has the potential for allowing larger emanation flasks 
to be used than in the evacuated detector method, but suffers from the problem of 
radon adsorption into the tubing in the pump. To minimize the contamination of sub
sequent samples, it would be necessary to replace this tubing for every sample. 

9. DETECTORS 

9.1. Ionization current detectors 

The early detectors were designed to measure the amount of ionization 
produced by radon and its daughter products [1, 39]. The minimum detectable 
amount of radon was initially about 37 Bq, but this amount was reduced as new and 
improved methods were developed. By 1934, the sensitivity was "a few per cent" 
at 4 Bq [40]. By the 1950s, additional improvements had been made so that the back
ground of the Cambridge Precision Ionization Meter (Failla Design) corresponded 
to 0.015 Bq [33]. Although these instruments were reputed to be insensitive to small 
changes in the composition of the flush gas, Hudgens et al. [41] purified the flush 
gas with copper turnings, magnesium perchlorate desiccant and Ascarite. However, 
under these conditions, only one sample could be processed per system per day. 

9.2. Pulse ionization counters 

The pulse ionization counter is also reputed to be insensitive to small changes 
in the flush gas, offers greater ease of use and has good sensitivity [16, 42]. This 
system has been in use at the US Department of Energy Environmental Measure
ments Laboratory [43], where the efficiency of 12 detectors has been stable at about 
100 counts/min per Bq since 1960, with background counting rates corresponding 
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to 4 mBq. Although this system is stable, only one sample can be processed per 
counting system per day. 

9.3. Zinc sulphide detectors 

Many workers have described radon counting systems that use the alpha scin
tillation properties of silver activated zinc sulphide [21, 30, 44-56]. These chambers 
are easy to construct, have a high efficiency and, with proper design, may be rela
tively insensitive to variations in the pressure of the counter filling. The chambers 
or cells are constructed of glass, metal and plastic in a wide variety of shapes and 
sizes. 

The zinc sulphide detector system is insensitive to changes in the composition 
of the flush gas, except to the extent that it affects the deposition of the radon daugh
ters onto the walls of the cell or reduces the range of the alpha particles [21, 30, 49]. 
The effect of the presence of various gases, such as carbon dioxide and methane, or 
of organic solvents, does not seem to have been studied. However, for most samples 
that are analysed by the emanation method, volatile gases are removed during the 
pre-flush so that they are not present on subsequent flushing. 

The accuracy and the precision of the various radon cells have been examined 
for four different designs [2, 47, 49, 50]. A precision of less than ± 1 % was reported 
by Lucas [2, 30] for cells that had the electrically conductive window. A precision 
of +10% was reported by Gibson [50], who used an electrostatic method. Values 
for precision of ±2%, ±5.3% and ±5.6% were reported by Di Ferrante et al. [49] 
for the plastic spherical cell design. A precision of ±7% was reported for the all-
plastic cylindrical design [52, 54]. 

The radon cell described by Lucas is constructed of metal, has a zinc sulphide 
thickness which is greater than the range of the most energetic alpha particle and con
tains an electrically conductive transparent window. The thick zinc sulphide coating 
not only results in a reduced background counting rate over that for a thin coating, 
but also results in greater uniformity of response. This combination was chosen from 
among many tested as providing the best compromise between efficiency, back
ground counting rate and ease of production [2]. Approximately 85% of the alpha 
particles are detected by this system and the background counting rate corresponds 
to 0.6 mBq. The high counting efficiency requires that statistical counting errors be 
estimated by a modified procedure [57]. 

10. ALPHA SCINTILLATION RADON COUNTING 

In general, persons concerned with the analysis of 226Ra by the emanation 
method have many radon cells and two or more counting systems. The operating 
conditions for each of these counting systems are established from a counting rate 
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versus high voltage plateau obtained with a standard reference source or a high 
counting rate radon sample [30, 58]. During a course on radon measurements, Lucas 
[2] evaluated the reproducibility of the plateau set-up method and found that the oper
ating conditions selected by each person in the course differed substantially. The 
deviations from the mean gain of the counting systems ranged from 10 to 400% and 
the background counting rate for a single chamber varied from 0.09 min"1 to 
0.5 min-1. These observations, as well as those by Key [58], indicate that accurate 
analytical results can only be obtained if the efficiency and the background counting 
rate are determined for each cell on each of the counting systems. 

When the transfer gas is helium, the plateau has a slope of only 0.02% per per
centage change in gain. Ideally, one would like to adjust the gain of each of the 
photomultiplier-amplifier counting systems to within ±5% so that the counting rate 
of any chamber on any counting system would be within 0.1%. Because statistical 
counting errors of this level would require 106 counts, establishing the operating 
conditions by adjusting the high voltage is normally not practicable. However, if the 
operating conditions are established at a lower level discriminator setting of 8 V, 
rather than at the normal operating level of 1 V, then the variation in counting rate 
with change in gain will be increased by a factor of 20. Thus, +2% statistics at the 
high discriminator setting will correspond to +0.1% at the normal setting. 

It is the purpose of this section to describe a multisystem set-up procedure for 
which intersystem variance is less than 0.2% and to describe the factors that 
introduce excessive variance. 

10.1. Multisystem set-up procedure 

A radon sample with a relatively high counting rate (> 1000 min"1) should be 
used to establish the operating conditions of each of the counting systems as follows: 
(a) locate the plateau from the graph of the counting rate versus high voltage, then 
determine the counting rate just above the knee with the lower level discriminator 
at its normal value (typically 0.5 to 1.0 V); (b) reset the lower level discriminator 
to 80% of maximum (typically 8 V); (c) adjust the high voltage until the counting 
rate is 30% of the value for step (a); (d) reset the lower level discriminators on all 
additional counting systems to 80% of maximum and adjust the high voltage until 
the counting rate obtained is equal to that obtained in the first counting system after 
correction for radioactive decay; (e) reset all discriminators to 10% of maximum 
(typically 1 V); and (f) recount the radon cells in all systems and verify that the same 
counting rate is obtained for each. The decay corrected counting rate should be about 
97 % of that obtained in step (a) above. Under these conditions, the background 
counting rate for each of the cells on each of the counting systems should be within 
counting errors. 

The counting systems were all adjusted as discussed above. Reproducibility 
was then evaluated by counting a single radon filled cell at a counting rate of about 
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TABLE III. REPRODUCIBILITY OF RESULTS 
FROM MULTIPLE COUNTING SYSTEMS 

Counting Rn-222 
system number (Bq ± cra) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Mean 

SEint 

SEext 

30.74 ± 0.12 

30.63 ± 0.12 

30.83 ± 0.12 

31.09 ± 0.17 

30.88 ± 0.17 

30.95 ± 0.17 

31.00 ± 0.17 

30.76 ± 0.17 

31.22 ± 0.17 

30.98 + 0.17 

30.77 ± 0.17 

30.97 ± 0.17 

31.07 ± 0.17 

30.92 + 0.17 

31.00 ± 0.17 

30.89 

0.131 

0.136 

a Counting error only. 

4000 min"1 on each of the 15 systems in service. The results, corrected for radioac
tive growth and decay, are summarized in Table III. The errors shown are those due 
only to the statistics of counting and include the correction for the effect of the decay 
scheme [57]. 

The weighted mean, the standard error (SE) expected from counting (SEint) 
and the standard error observed from the data (SEext) were calculated using standard 
methods. The relative standard deviation introduced by the various counting systems 
was established to be an insignificant 0.14%, which indicates that little or no vari
ance is introduced by a well constructed multiple counting system that is set up 
properly. 
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Discriminator setting 

FIG. 6- Effect of variations in the zero intercept on discriminator level. 

10.2. Factors affecting counting system reproducibility 

The above scheme was used in calibrating 16 counting systems that had been 
in use for up to 25 years. Three different samples were counted in each. The relative 
standard deviation of the results averaged 1.0%, of which about one half was due 
to counting errors. The variation introduced by the different counting systems was 
greater than expected, especially for two of the systems for which the deviations 
from the mean were 4.5 and 5.2%, respectively. 

These results clearly indicated that factors other than gain were affecting the 
detection efficiency of the various counting systems. The causes of the variations in 
the counting efficiency have been identified and are summarized below. 

10.2.1. Amplifier 

All of the amplifiers were tested with a linear pulse generator. Several were 
found to have a significant non-zero intercept. The effect is illustrated in Fig. 6, 
where the solid line has a zero intercept of - 5 V and corresponds to that normally 
needed to avoid excessive noise. The dotted and dashed lines have zero intercepts 
of —23 and —80 V, respectively. The effect is quite obvious; the larger values of 
the zero intercept result in a higher effective discriminator level. The observed varia
tion in the zero intercept is equivalent to changes in gain of 100%. All systems were 



166 LUCAS et al. 

4000 

3000 

§ 2000 
o 
o 

1000 

"0 100 200 300 
Channel number 

FIG. 7. The pulse height spectra obtained from an alpha scintillation radon cell at two differ
ent times after exposure to fluorescent light when a Dumont 6292 photomultiplier is used. 

adjusted with a pulse generator until the zero on the lower level discriminator 
corresponded to 0.2 V. 

10.2.2. Thermoluminescence 

Thermoluminescence (TL) is the release, in the form of visible light, of energy 
absorbed from a previous irradiation. For TL type crystalline material, a portion of 
the absorbed energy is presumed to be stored in a defect or an impurity site [59]. 
When the crystal is heated, sufficient energy is given to a trapped electron that is 
recombined with a hole and a TL photon is emitted. The energy gap, E, is related 
to the temperature needed to release the electron. For most TL materials, there are 
a number of trap levels. 

When the energy, E, is less than ~0.8 eV, many electrons are released at 
room temperature and the common phosphorescence is observed. Thus, TL is a 
retarded or 'frozen in' phosphorescence that is released upon heating. The release 
of this stored energy is exponential with time, the half-life decreasing with an 
increase in temperature. 

When the zinc sulphide scintillator in the radon cell is exposed to fluorescent 
light or sunlight, the height of the pulse produced by an alpha particle may be 
increased. The increased amplitude is observed with Dumont and Fairchild 6292 
photomultiplier tubes (PMTs), which have S-ll photocathodes. The increased 
amplitude after exposure to light is not observed with EMI-9856K and EMI-9956K 

Oumont 6292 

2 to 20 mln 
16 h 
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PMTs, which have bi-alkali photocathodes. The increase in pulse height is greatest 
at short times after exposure. The pulse heights at 2-20 min and at 16 h after a 
1 min exposure to normal room levels of fluorescent light are shown in Figs 7 
and 8 for the Dumont 6292 and EMI-9856K PMTs, respectively. The spectra were 
accumulated with a multichannel analyser until the total number of counts for both 
the early and the late measurements were equal. 

The intensity and the half-life of the TL component were determined at 
24-25°C. A radon chamber with 239Pu plated on the inside of the window, which 
yielded a counting rate of 10 000 min""1, was placed on the counting system. 
Approximately 16 h later, the lower level discriminator was adjusted until the count
ing rate was reduced to 30% of its normal value. This discriminator level cor
responds approximately to channel 85 in Figs 7 and 8. The radon chamber was then 
removed and the scintillator exposed for 1 min to the overhead fluorescent light. The 
radon cell was replaced in the counter and the counting rate recorded every 5 min 
for 20 h. A non-linear least squares method was used for analysis of the data, which 
were collected beginning 10 min after exposure to the light. Two exponential terms 
were found: 66 ± 2% of the counts had a TL half-life of 22.7 ± 1.2 min, and 
10 ± 2% of the counts had a TL half-life of 107.6 ± 1 . 2 min. From a hand plot 
of the data, it appears that the remaining 24% of the counts had a TL half-life of 
less than 3 min. 

These observations, when combined with those on the response by the two 
types of PMT, suggest that the increased pulse height is caused by a thermolumines
cent effect and that the frequency of the light emitted by the alpha particle interaction 
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FIG. 8. The pulse height spectra obtained from an alpha scintillation radon cell at two differ
ent times after exposure to fluorescent light when an EMI-9856K photomultiplier is used. 
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differs from that emitted by the TL component. Further, since the pulses appear to 
be coincident, it is suggested that the alpha particles provide the local heating neces
sary for the release of the thermoluminescent part of the pulse. Above 500 nm, the 
sensitivity of the S-l 1 photocathode is greater man that of the bi-alkali photocathode, 
so that the frequency of the TL light would appear to have a longer wavelength than 
that produced by the alpha particle interactions. 

The thermoluminescent effect results in increased efficiency of the radon cell 
at short times after counting begins. The amount of efficiency change that is observed 
will not only vary with the degree of exposure to light and the duration of the count
ing interval, but also with the operating point selected. For a system in which the 
normal operating point has a lower level discriminator set so that 95% of the alpha 
pulses are accepted, the limit is 100 — 95%, or 5%. 

The changing pulse height with time after counting begins also affects the set
up of the counting systems. The most common observation is that the system gain 
appears to change randomly in steps that range from 5 to 15%. Changes this large 
greatly exceed normal expectations for modern electronics. 

10.2.3. Photomultiplier tubes 

A single radon cell was used to obtain a pulse height spectrum from each of 
the 16 counting systems. When the spectra were compared, 4 of the 16 differed very 
substantially from the others; this difference would cause the counting efficiency to 
be affected by as much as 3%. 

The variations in the pulse height spectra suggested that the resolutions of the 
various PMTs differed significantly. This difference was confirmed when each of the 
PMTs was retested on a single system with a battery powered, light emitting diode 
light pulser. With this system, a good PMT had a resolution of 1.6-4.7%. The data 
from 8 of the 39 PMTs tested (with resolutions ranging from 6 to 27%) were dis
carded since they would affect the counting efficiency. Some of these PMTs had been 
in use for 25 years, or had been removed from service for other reasons. Finally, 
all non-EMI-9856K or EMI-9956K PMTs were discarded because of their sensitivity 
to the TL effect. 

10.3. Summary 

A multisystem set-up procedure has been described. When this procedure is 
used, the relative standard deviation introduced by the various (15) counting systems 
was estimated to be an insignificant 0.14%. This value indicates that little or no vari
ance is introduced by a well constructed multiplier counting system that is set up 
properly. 
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The components of the counting system have been shown to require careful 

evaluation. The amplifier must be linear, have an adjustable lower level discrimina

tor and the pulse height for zero on this discriminator must be the same for all sys

tems in use. The zinc sulphide scintillator is thermoluminescent. It has been shown 

that the TL component of the alpha pulse is detectable by the S-ll and not by the 

bi-alkali photocathodes. Thus, PMTs with the S-ll photocathodes exhibit a changing 

pulse height with time after exposure to light. This changing pulse height affects the 

set-up of the system and causes an apparent change in efficiency with time after the 

start of counting. Finally, the resolution of the PMT may change with time or 

exposure to light. However, the described multisystem set-up procedure has been 

shown to be effective in detecting counting system malfunctions and should be 

repeated routinely. 
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1. INTRODUCTION 

Radium isotopes occurring in the decay chains of natural uranium and thorium 
emit alpha particles, except for 228Ra which decays via beta emission. Spectro
meters record the number of incident alpha particles as a function of their kinetic 
energy. The highest energy resolution is obtained in magnetic spectrometers. 
However, since only a small fraction of the source activity is measured, owing to 
the restricted solid angle, these devices are seldom used to determine radium activity. 
Such activity is usually measured with spectrometers in which alpha particles 
incident on a suitable detector provide an output signal proportional to the energy 
lost within the active volume of the detector. It is desirable, therefore, that this 
energy loss be a high fraction of the alpha particle emission energy. Energy losses 
within the source, or in the intervening material between the source and the active 
detector volume, must therefore be minimized. 

Figure 1 shows the spectra that would be recorded by high resolution 
instruments (assuming the sources are very thin) in the case of the three radium 
isotopes: 223Ra, 224Ra and 226Ra. The spectral lines of daughter nuclei that grow in 
promptly after radium is isolated are also shown. 

2. TYPES OF DETECTOR 

The emission energies of alpha particles emitted by the three naturally 
occurring radium isotopes and their prompt daughter nuclides vary from 4.60 MeV 
(6%) for 226Ra to 8.78 MeV for 212Po (64% branch in the 224Ra decay chain). The 
conversion of these relatively large nuclear energies into a cascade of ionization 
products was the basis of the earliest forms of alpha particle detectors. Since only 
about 35 eV is required to form an electron-ion pair in gas, many thousands of such 
pairs are created along the track of an alpha particle. Ionization chambers and 
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FIG. 1. Energy spectra of three radium isotopes that would be recorded by a detector of 
about 20 keVFWHM in the absence of 'tailing' from the source. Sufficient time has elapsed 
to permit daughter nuclides to reach their equilibrium activities. Data were generated by 
computer. 

proportional counters, comprising a cathode and an anode inside a gas filled con
tainer, cannot be used for accurate energy measurements, since the pulse height of 
the electrical signal varies with the location and orientation of the alpha particle 
track. This problem is overcome in the gridded ionization chamber, sometimes 
known as the Frisch grid chamber [1]. In this device, the planchet containing the 
activity to be detected forms part of the cathode. A grid above the cathode is held 
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at a positive potential and shields the anode from the influence of the ions formed 
in the cathode-grid region. The signal emerging from the anode is proportional to 
the electrons produced, i.e. the total ionization. 

Before the advent of semiconductor detectors, much careful work was under
taken to optimize the performance of grid chambers. The performance of early 
preamplifiers did not permit the intrinsic resolution of the chamber to be exploited 
(see, for example, Harvey et al. [2]). Particular attention has been paid in modern 
design to the purification of the counting gas (especially the removal of residual 
oxygen) and precise alignment of the electrodes [3-6]. 

The advantages of the grid chamber include the possibility of measuring 
extended sources of 20 cm or more diameter, extremely low background activities 
(if efforts are made to build very clean chambers), as well as a virtually unlimited 
working life. The energy resolution obtained in the best chambers, when used with 
low noise preamplifiers, has only recently been equalled by selected semiconductor 
detectors. The disadvantages arise from the need to exhaust the chamber of the 
counting gas (usually a 90% Ar/10% CH4 mixture at around one atmosphere of 
pressure) prior to sample changing and to refill without contamination. In the specific 
case of 226Ra measurements, the transfer of radon activity from the planchet to the 
rest of the chamber may be a strong factor in choosing an alternative detector which 
may be more easily replaced. 

Scintillation detectors have found some application in alpha particle spectro
metry. Silver activated zinc sulphide has a very high efficiency for the conversion 
of ionization loss to light output, but its transparency is low. A thin ZnS layer of 
around 5-10 mg/cm2, bonded to a transparent disc, can be used to detect alpha 
particles. The energy resolution of such an arrangement is poor (around 10% full 
width at half maximum (FWHM)) because of the intrinsic resolution of the 
scintillator-photomultiplier combination, which requires about 300 eV of alpha par
ticle energy loss for each electron ejected from the photo-cathode. The scintillator 
is sometimes covered with a thin foil to prevent entry of external light. Thin layers 
of plastic scintillator (such as the well known NE-102 type) may also be used to 
detect alpha particles, a resolution of 7% at 5 MeV is claimed by the manufacturer 
(Nuclear Enterprises Ltd). The incorporation of the alpha activity within a suitable 
scintillator permits improved resolution. A technique in which alpha activity is 
dissolved in a suitable liquid scintillator 'cocktail' has been described [7, 8]. 
Electronic pulse shape discrimination is used to reject beta and gamma ray inter
ference. The authors claim a resolution of 200 keV at 4 MeV. The use of this method 
for radium determinations requires a suitable procedure for extracting radium 
activity into a solvent that will not cause unacceptable quenching of the scintillator 
process. 

Semiconductor detectors are currently the most popular devices used for alpha 
spectrometry. The search for a 'crystal' ionization chamber using insulators like 
diamond [9] was overshadowed by improvements in scintillation detectors until the 
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development of p-n junction diodes. Electron hole production by alpha particles in 
point contact germanium diodes was reported by McKay [10]. Early alpha particle 
detectors were made by evaporating gold film on «-type germanium [11, 12]. Owing 
to the small energy gap in Ge, these early detectors had to be cooled to low tempera
tures in order to reduce thermal excitation. A resolution of about 4% was 
obtained [13]. The substitution of silicon for germanium led to the development of 
surface barrier detectors which could be operated at room temperature [14]. By 
1960, Au-Si surface barrier detectors had been fabricated with a resolution of better 
than 15 keV at 5.477 MeV [15]. The history of the development of these detectors 
has been reviewed by McKenzie [16]. 

For brevity we shall refer to the semiconductor detectors most often used for 
alpha particle spectrometry as silicon surface barrier (SSB) detectors. Very similar 
devices, known as diffused junction detectors, are produced by diffusing impurities 
into extrinsic silicon. Recently, an alternative method of manufacture has been 
developed in which boron is implanted by ion bombardment [17]. The detectors 
made by this method are referred to as 'implanted passivated junction' detectors. All 
three types of detector share the following advantages for alpha particle 
spectrometry: 

(a) Optimum geometry, in that the sensitive volume of the detector consists of a 
depletion layer (about 50 /nm to cover the range of radium/daughter alpha 
particles) of circular cross-section which may be mounted almost in contact 
with the source if high counting efficiency is required. 

(b) Minimum amount of material (dead layer) in front of the silicon wafer (in 
SSBs, about 40 ^g/cm2 of Au). 

(c) Operation in a vacuum, provided precautions are taken to avoid corona 
discharge during pump down. 

(d) Leakage currents (from ixA to nA) are so small that bias supply power is 
negligible. Thus, excellent stability is achieved at the typical bias voltages 
needed (around 100 V). 

(e) Fast output pulses, permitting high counting rates without deterioration in 
resolution. 

(f) Excellent linearity of response as a function of incident particle energy. 
(g) Insensitivity to gamma rays, beta rays and magnetic fields, 
(h) Availability in useful sensitive areas up to 800 mm2. 

The disadvantages are few if the devices are treated with care. Silicon fractures 
easily, so shock and sudden changes in temperature must be avoided. Chemical 
contamination may be a problem, particularly if traces of reagents used in the 
extraction of radium end up in the counting chamber (for example, fluoride ions 
carried over from the fusion of solid samples). Some 'ruggedized' detectors may be 
carefully cleaned with a methanol soaked swab, but this method of decontamination 
is not always successful. A more serious form of contamination owing to the recoil 
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of daughter nuclei will be discussed later. Another problem with SSBs is the onset 
of excessive electrical noise, sometimes caused by keeping the detector in a vacuum 
without application of bias; the detector may 'recover' after storage at atmospheric 
pressure. 

Alkhazov et al. [18] pointed out that the theoretical limit of energy resolution 
for alpha particles for these detectors should be 5-6 keV (FWHM). These authors 
noted that in practice the value of 11 keV had not been surpassed at that time. The 
latest implanted passivated junction detectors have reached FWHM as low as 9 keV. 
The ability to resolve energy differences as low as 10 keV is rarely required in 
routine radium measurements and finds more worthwhile application in the 
measurement of isotopic activity ratios, such as 239Pu/240Pu. 

3. OPERATION OF SSBs FOR ALPHA SPECTROMETRY OF RADIUM 

Sources containing radium activity are counted in a vacuum chamber in which 
the planchet is mounted close to the SSB. Bias supply and signal output to and from 
the SSB is provided through a coaxial feedthrough. The length of cable from the SSB 
to the preamplifier should be kept short to minimize the capacitance. The best 
resolution is obtained at the ultimate pressure of a dual stage rotary pump, i.e. 
around 10~2 mmHg.' Unless there are special reasons to use source-detector 
spacings in excess of a few centimetres, lower pressures are unnecessary, provided 
care is taken to prevent backstreaming of pump oil vapour by the use of a suitable 
trap. The source planchet should be placed in a horizontal position, with the detector 
pointing down — there is thus less danger of activity falling onto the detector. 
Reproducible and accurate alignment of the source with respect to the SSB is crucial 
if precise activity values are to be calculated from the counting rate. A rotating tray 
is sometimes used if several samples are to be counted sequentially. Aluminium or 
stainless steel are the preferred construction materials; some types of brass have 
unacceptable levels of alpha activity. Several commercial alpha spectrometers are 
available, including versions in which the vacuum chamber is installed within a 
double width NIM module (see Fig. 2). 

4. SIGNAL PROCESSING OF SSB OUTPUT 

The output of the SSB is fed directly into a charge sensitive preamplifier. The 
input stage of the preamplifier contains a selected low noise field effect transistor 
(FET). The equivalent circuit for small signals is shown in Fig. 3. The resolution 

1 1 mmHg = 1.333 X 102 Pa. 
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FIG. 2. An example of a commercially available alpha spectrometer. The vacuum chamber 
is incorporated in a double width NIM module, shown installed by the side of a single width 
scaler. The open door of the vacuum chamber reveals the SSB mounted inside with the source 
holder underneath. (Photograph by author.) 

of the combined SSB-preamplifier combination is determined by the total electrical 
noise of the system, which is equal to the square root of the sum of the squares of 
the detector noise and the preamplifier noise. Detector noise is related to the sensitive 
volume of the depletion region and is a minimum at the recommended bias voltage 
of the SSB. In this respect, it is important to choose an appropriate value for the bias 
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FIG. 3. Block diagram showing the equivalent circuit of an SSB and the input stage of a 
charge sensitive preamplifier. The capacitor, Cs, represents the stray capacitance of the 
connecting cable. 

resistor. The least electronic noise occurs with high values (100 MQ); however, the 
voltage drop across this resistor must be monitored if the leakage current of the 
detector is appreciable. Preamplifier noise increases rapidly as the combined 
capacitance of the detector and the connecting cable increases. The contribution of 
preamplifier noise to the FWHM can be as low as 1 keV in state of the art preampli
fiers connecting to negligible capacitance, but rises to 20-30 keV at capacitances of 
about 1000 pF. The small signal capacitance of an SSB is proportional to the area 
of the detector and to the inverse of the square root of the bias voltage. The design 
and operation of the preamplifier is a major factor in obtaining the best performance 
from SSBs. Since FET preamplifiers are easily damaged by stray charges, care must 
be taken in the application of the bias voltage. Some commercial units contain an 
FET protection circuit which prevents damage at the cost of slightly worse energy 
resolution. 

After preamplification, the signal is amplified by a main amplifier. Pulse 
shaping with a time constant of about 1 p.s is performed; more sophisticated main 
amplifiers have provision for pole-zero cancellation to improve performance at high 
counting rates. An outline of developments in this area has been published by 
Kandiah [19]. 

Provision for injecting pulses of fixed amplitude into the preamplifier is a 
useful addition to counting systems to allow calibration of the energy scale. 

After amplification, two outputs can be provided, with one giving square 
pulses from a circuit triggered by signals within a certain amplitude window. These 
pulses can be used to accumulate counts on a sealer/counter. The second output (or 
'energy' output) contains amplified pulses which are sent to a multichannel analyser. 



180 BLAND 

5. MULTICHANNEL ANALYSERS 

The multichannel analyser (MCA) is used to obtain what is essentially a graph 
of counts versus the energy interval or channel. Incoming signals are stretched and 
the amplitudes converted in an analogue to digital converter (ADC) to digital words 
which constitute the channel 'addresses'. Most MCAs provide 1024 channels, or 
multiples thereof. A very useful option for alpha particle spectrometry is the 'router', 
which allows inputs for four or more detectors to be analysed in different channel 
subgroups. 

The method to be used for data analysis and recording should be carefully 
considered when selecting an MCA. The built-in subroutines of some MCAs to 
subtract background counts from peaks are often designed for the Gaussian peak 
shapes encountered in gamma ray spectrometers. It is often desirable to be able to 
write custom software which can be applied to stored energy spectra. This may be 
achieved by sending the output from the MCA to a computer along a suitable bus. 
Some minicomputers (such as the Apple and the IBM-PC) can be converted into 
excellent MCAs by the addition of a circuit card containing the ADC and associated 
control circuitry. After storage of spectra on a floppy disk, the minicomputer can 
then be used in its regular operating mode to process the data. 

6. PREPARATION OF RADIUM SOURCES FOR ALPHA SPECTROMETRY 

The procedures used for the chemical extraction of radium from natural 
samples will be covered elsewhere in this publication. Assuming the analyst 
produces a solution of radium activity free from significant chemical interferences, 
the next task is to produce a uniform deposit of radium which is embedded in a 
minimum amount of absorber so that alpha particles pass through a very small 
fraction of their range before reaching the detector. This is a stringent requirement 
since the range is only a few mg/cm2 in solids. One of the most common proce
dures used is to co-precipitate Ra with BaS04 [20]. The precipitate is filtered on a 
submicrometre membrane filter which is then attached to a planchet. 

The effect of the amount of barium carrier used on energy resolution has been 
studied by Lim and Dave [21]. They found that an FWHM of 229 keV was obtained 
with 0.25 mg of Ba carrier (distributed over a filter of 25 mm diameter). The 
increase in the width of the energy peaks (about 20 times that of the FWHM owing 
to the SSB and preamplifier) is attributed to 'tailing', i.e. energy losses within the 
precipitate. Figure 4 illustrates the type of energy spectrum obtained from a 226Ra 
source prepared by BaS04 precipitation. Sill [22] has developed a method of 
carrying out radium activity on as little as 50 fig of BaS04 to achieve an energy 
resolution of better than 50 keV. 
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FIG. 4. Example of an alpha spectrum of radium isotopes extracted from a groundwater 
sample. This spectrum was taken immediately after source preparation and has peaks from 
2 Ra, 224Ra and 223Ra, as well as some prompt daughters. (Data kindly supplied by 
R.L. Meakins, Division of Mineral Physics, Commonwealth Scientific and Industrial Research 
Organization, Lucas Heights, Australia.) 

Since the accuracy of the absolute activity determination is critically dependent 
on the assumption of a constant source geometry, attention must be paid to producing 
a uniform substrate of barium sulphate on the membrane filter and transferring the 
filter accurately centred on the planchet. The author has devised a filtration device 
for this purpose which avoids these problems [23]. 

Radium may also be deposited by evaporation, molecular spraying, TEG 
spreading and other thin source preparation techniques described in the 
literature [24]. 

It is generally considered that radium cannot be electroplated using techniques 
employed for actinides [25]. Recently, Roman [26] has developed a method which 
yields recoveries of about 80%. His method uses a platinum disc as an anode, with 
radium activity deposited on a stainless steel disc cathode. Ammonium acetate 
solution is used as the electrolyte. By using a short distance between the electrodes, 
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FIG. 5. (a) High resolution 226Ra spectrum (2,0Po is also present) prepared by the author 
using the electrolytic deposition procedure described by Roman [26]. This spectrum was 
measured at a vacuum chamber pressure of 10'2 mmHg. (b) Similar spectrum recorded at 
15 mmHg pressure to reduce radon recoil. Note that each peak is shifted to a lower energy 
with a noticeable degradation in energy resolution. Small satellite peaks to the right of each 
of the 222Rn, 218Po and 2,4Po are caused by the transport of radon to the detector during the 
previous lower pressure measurement. 

a light brown deposit containing radium activity forms on the cathode. Figure 5(a) 
shows a radium spectrum from a source prepared by the author using Roman's 
method. The resolution is about 20 keV, largely governed by the intrinsic resolution 
of the SSB used. 

One of the most successful methods of collecting radium from solution is by 
absorption onto manganese impregnated fibres [27]. It has been found [28] that 
nylon discs can be treated with permanganate solution and that the blackened area 
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absorbs radium from solution, thus directly producing an alpha particle source. The 
absorption process is too slow for routine laboratory use, but may find application 
for sampling aquifers. 

7. RECOIL PROBLEMS 

When 226Ra is co-precipitated with BaS04, a purification procedure is usually 
employed to remove daughters (such as dissolving in alkaline ethylenediamine-
tetraacetic acid (EDTA) and reprecipitating with the addition of acetic acid). Under 
these conditions, the energy spectrum will contain only two peaks (at 4.78 and 
4.60 MeV) or one broad peak if the resolution is not good enough. Over the course 
of several days, the daughter activities as 222Rn, 218Po and 214Po will produce three 
additional peaks (5.4, 6.0 and 7.6 MeV). Since daughter ingrowth is held up by the 
3.8 d half-life of radon, in the absence of radon loss the radon activity should 
increase as follows: 

A = A(l - e-*) 

In practice, this rate of growth is not always observed to occur, i.e. the radon activity 
never reaches the original radium level. Furthermore, if the source is removed from 
the vacuum chamber the background spectrum reveals daughter peaks which 
gradually disappear over the course of a week or more. It must be concluded that 
unsupported radon is transferred from the source to the walls of the chamber and 
the detector. 

When a radium nucleus decays with the release of an alpha particle, the 
daughter radon nucleus receives about 100 keV of recoil kinetic energy. This recoil 
is adequate to overcome the crystalline binding energy and cause a lattice defect. 
Release of radon from the carrier crystal is thus facilitated. 

The transfer of recoil nuclei to the detector can be avoided by introducing a 
small amount of absorber either by covering the source with a foil, e.g. 0.15 jum Ni 
[29], or, as mentioned previously, by operating at a higher pressure in the vacuum 
chamber [30]. The effect of using a pressure of 15 mmHg on a high resolution 
226Ra spectrum is shown in Fig. 5(b) (which also shows the activity from a recoil 
from a previous operation at lower pressure). 

8. DATA ANALYSIS 

After collection of the spectrum, quantitative estimates of the activities of the 
radium isotopes present in the source are required. The following equation must be 
evaluated: 
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A (C -T-B) 
A. = 

GRt 

where 

C is the integrated count from a given radium 'line', 
T is the estimated contribution to C from the 'tailing' of higher energies, 
B is the background count during the same energy interval, 
G is the effective geometry factor corrected for source absorption, 
R is the recovery, i.e. the fraction of the activity transferred to the planchet, 
t is the live counting time. 

Let us consider each of these parameters. If the spectral peaks from a given 
Ra isotope were well separated from all other peaks, i.e. were very narrow spikes, 
integration would simply involve summing the counts in an appropriate region of 
interest (most MCAs have a built-in facility to integrate over preset regions of 
interest). In practice, with sources of finite thickness, alpha particles emerge from 
radium nuclei and then have to cross a variable amount of matter, depending on the 
depth within the source and the angle of emission. Thus, alpha particle peaks are 
characterized (except for the thinnest electrodeposited sources) by tailing, which 
extends from the energy of emission down to the lowest energies. Thus, alpha peaks 
overlap and a computational method must be devised to provide the parameter C- T 
in the above expression. If it is possible to guarantee that sources prepared from 
different samples are essentially identical as regards thickness, chemical compo
sition, density, etc., then a set of reference peaks from single isotopes can be 
collected. Faced with overlapping peaks from an arbitrary mixture of isotopes, the 
analyst can then deduce the isotopic activities by the application of standard matrix 
mathematics or deconvolution using Fourier transforms. Computer 'unfolding' using 
library spectra is a standard technique in gamma ray spectrometry [31]. Unfortu
nately for alpha spectrometrists, the majority of available commercial computer 
codes are intended for the analysis of gamma spectra obtained with Ge detectors 
(Westmeier [32], however, has provided some codes applicable to thin alpha sources 
using SSB detectors). 

Since it is most difficult to reproduce tailing characteristics in a series of 
sources prepared from different samples, the usual procedure adopted to deduce the 
net counts in overlapping peaks is to fit an empirical mathematical expression to 
those regions of peaks which do not overlap and then extrapolate the function to the 
entire energy region. Different expressions have been developed by various authors 
[23, 33, 34]. A graphical method has been used by Bortels et al. [35]. 

The spectra of unsupported radium isotopes are characterized by ingrowth of 
daughters and, in the case of 224Ra and 223Ra, by the decay of the parents. Thus, 
the time dependent variation of different regions of the spectrum provides further 
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information which may be used to derive isotopic activity ratios (see, for example, 
Dean and Chiu [36]). 

Turning again to the expression given above for deriving the net activity, the 
factor B (the background) is obtained by operating the detector with a sample blank 
so that any activity due to impurities in the reagents is included. This background 
may be influenced by any activity accumulated from recoil nuclei. 

The effective geometry factor, G, depends first on the areas of the source and 
the detector, the separation between them, as well as a measure of the alpha particles 
emitted from the source that never reach the detector owing to absorption in the 
source. Graphs of the effective geometry factor for various source to detector 
distances and source thicknesses are available [23]. 

The recovery, R, is usually obtained by including a suitable tracer in the 
source, such as the gamma emitting nuclide 133Ba, provided that barium and radium 
behave similarly in the chemical procedure used to prepare the source. For less 
critical activity determinations, some workers may prefer to compare the count rate 
of a given source with that from a source prepared from a standardized radium 
solution. The drawback of this procedure is of course the requirement that the two 
sources must yield identical peak shapes. Owing to the complexity of some chemical 
procedures, it occasionally happens that radium sources are unexpectedly thicker 
than foreseen. This happens, for example, when platinum from the crucible used in 
the fusion is carried through in barium sulphate co-precipitation. The correct 
statistical methods to be used in extracting data from count ratios have been 
described by Ku [37] and are worthy of study. In critical applications, such as certifi
cation of environmental standards, the technique of 'standard additions' may be 
worth considering. Briefly, this would involve preparing three or more sources with 
increasing standard additions of activity and extrapolating the best fit straight line to 
yield the sample activity. 

9. CONCLUDING REMARKS 

The alternatives to alpha particle spectrometry for radium determination 
include radon counting for 226Ra and gamma ray spectrometry for 226Ra and 228Ra. 
The former method is convenient when dealing with large volume water samples, 
especially if activity can be collected by Mn fibres [38]. The derived activity of 
226Ra can be obtained with an uncertainty of only a few per cent [39]. A similar 
level of precision has been reported for the simultaneous determination of 226Ra and 
228Ra activities in water using gamma ray spectrometry [40]. 

Alpha particle spectrometry is the only method available for the determination 
of those isotopes which emit few, if any, gamma rays. The isotope 223Ra is not 
expected to be found to any great extent because of the small natural abundance of 
235U (4.7% by activity). However, surprisingly large activities are found in mine 
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tailings subject to acid leaching [41] and in Australian groundwater [42]. The 

presence of this isotope would not have been determined without the application of 

alpha particle spectrometry. 

Improvements in detectors and electronic instrumentation now make this 

technique more readily available to workers in the field of radium research. When 

small amounts of a sample must be measured for low level radium activity, alpha 

spectrometry is the preferred method because of the very low background levels 

which permit activities of the order of mBq to be measured. On the other hand, the 

measurement of higher activities by several orders of magnitude is probably 

better undertaken by alternative techniques, such as gamma ray spectrometry of 

selected daughter activity (e.g. the 'sealed can' method for 226Ra). Such techniques 

will avoid the time and effort needed to extract sample activity as thin uniform 

sources. This requirement is the major stumbling block in the application of alpha 

spectrometry for the routine measurement of radium. 
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1. INTRODUCTION 

Measurements of the activity of the principal radium isotopes (226Ra, 228Ra 
and 224Ra) by gamma spectrometry represent a complex application of this method 
of physical analysis. The problem is that 226Ra is not the only gamma emitting 
radionuclide present: it is always accompanied by its short lived daughters (214Pb 
and 214Bi), which decay to give a gamma spectrum of 26 lines with a photon emis
sion rate greater than 1% [1] (Fig. 1, Ref. [2]). Furthermore, in environmental 
samples the isotopes of radium are accompanied by other daughter isotopes of the 
three natural decay chains. These are: 

- For the 238U chain: 234Th, 234Pam, 230Th, 226Ra, 222Rn, 214Pb, 214Bi, 210Pb; 
- For the 235U chain: 235U, 231Pa, 227Th, 223Ra, 219Rn, 211Pb, 211Bi; 
- For the 232Th chain: 228Ra, 228Ac, 228Th, 224Ra, 222Rn, 212Pb, 212Bi, 208T1. 

The numerous X ray and gamma lines emitted by each of these radionuclides are to 
be found in Table A-l in the Annex, and are listed in order of increasing energy. 

Gamma ray detection is carried out routinely either by means of inorganic 
crystal scintillation detectors, where the gamma photons give rise to luminous 
photons detected by photomultipliers, or by means of semiconductor diodes in which 
conduction is activated by the energy given up by the gamma photons. Inorganic 
crystal scintillation detectors have rather poor resolution and for that reason their use 
is mainly confined to total activity measurements or to spectrometry aimed at deter
mining a limited number of radioisotopes (and therefore on samples which have 
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FIG. 1. Gamma spectrum of 226Ra in equilibrium with its daughters [2]. 
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received preliminary chemical treatment). Semiconductor detectors, on the other 
hand, can discriminate between most emission lines and can, therefore, be used for 
direct quantitative spectrometry on complex samples (and environmental samples 
normally are complex). 

Because of its many advantages, gamma spectrometry with semiconductor 
detectors currently plays a dominant role, despite higher investment costs, a fact that 
is particularly emphasized in this chapter. 

2. BASIC INFORMATION ABOUT GAMMA SPECTROMETRY 

2.1. Interaction of photons with matter 

The interaction of photons with matter takes place via three main mechanisms: 

(a) The photoelectric effect: The photon 'gives up' all of its energy to a bound 
electron (in the K layer) and thereby becomes a 'photoelectron'. 

(b) Compton scattering: The photon gives up part of its energy to a weakly bound 
electron to give a continuous distribution. The remainder of the energy is 
carried off by a new photon which may emerge from the detector or may some
times be absorbed. We then have total absorption of the energy. 

(c) The creation of electron-positron pairs with photons having energies above 
1.02 MeV. The positron annihilates with an electron when it has lost its kinetic 
energy, to give two photons of 0.511 MeV. 

We can then detect: 

— one line corresponding to total energy 
— one line corresponding to total energy minus 0.511 MeV, 
— one line corresponding to total energy minus 1.022 MeV. 

The theoretical background for these fundamental mechanisms has been developed, 
in particular, by Davisson [3]. 

2.2. Detector and detection chain response 

The detector's response to gamma photons depends in the first instance on the 
effects cited above, but also on the characteristics of the detector (resolution and 
volume) and of the associated electronics (stability and linearity, and counting rate 
response). 

In practice, a spectrum consists of superimposed elemental spectra correspond
ing to photon interactions (and sometimes interactions of other radiation) with the 
detector, but also with the detector support and the surrounding shielding. 
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Gamma spectrometric analysis has been treated in a number of publications, 
each consisting of a first part devoted to measurement theory and a second part show
ing typical spectra. It is helpful to cite, in particular, the work of Crouthamel et al. 
[4], who deal with gamma spectrometry relying on Nal(Tl) scintillometry and on 
Ge(Li) semiconductor systems; Heath [5], who deals with gamma spectrometry by 
Nal(Tl) scintillation; and again who, in Ref. [2], deals with gamma and X ray spec
trometry by means of Ge(Li) and Si(Li) semiconductor detectors. 

2.3. Factors to be taken into account in the gamma spectrometry of radium 
and associated elements 

2.3.1. Effects of shielded enclosures 

Crouthamel et al. [4] and Heath [5] discuss the effects due to the detector 
environment. In order to reduce the background, the detector is usually surrounded 
by a lead shield. If this protective shield is too close, the detector will absorb 
Compton photons backscattered by the walls and a parasitic spectrum between 160 
and 200 keV is then created, which depends on the energy of the incident photon. 
This effect is particularly important in scintillation spectrometry because the detec
tors used are much larger in volume than are germanium based detectors. 

Furthermore, the X ray fluorescence lines of lead produced by the gamma 
interaction can be absorbed by the detector, generating mainly a spurious 75 keV 
peak (Kcti line). According to Heath [5], these parasitic radiations can be effec
tively attenuated by applying decreasing Z materials to the shielding. Heath suggests 
a casing with a graded shielding of lead, followed by cadmium and then copper: 

— Lead; 
— Cadmium, at a thickness of 0.8 mm (0.03 in), attenuates 75 keV X rays by a 

factor of 10; 
— Copper, at a thickness of 0.4 mm (0.015 in), strongly attenuates 23 keV 

X rays. 

2.3.2. Effects of beta radiation 

Several of the natural radionuclides associated with Ra and 228Ra itself decay 
by the emission of beta particles. In their interactions with matter, the beta particles 
set up bremsstrahlung with photon energies in a spectrum ranging from zero to the 
maximum energy of the beta particle. One can make use of the fact that the 
probability of energy loss, that is to say, the emission of bremsstrahlung, is propor
tional to the square of the atomic number of the absorber in order to minimize this 
emission. 
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Thus, Crouthamel et al. [4] present spectra of Ra and its daughters and of 
232Th and its daughter, obtained by interposing a beryllium sheet of 945 mg/cm2 to 
absorb the greater part of the beta radiation, thereby minimizing the bremsstrahlung. 

2.3.3. Effect of gamma photon coincidence summations 

This is a particularly important effect to take into account when dealing with 
natural radionuclides, which often have a decay scheme involving several energy 
levels from which photons are emitted in a cascade. From this, we obtain an energy 
distribution which normally exhibits at least one peak, the energy of which is equal 
to the sum of the gamma photons emitted in coincidence. According to Heath [5], 
the intensity of the coincidence spectrum, Nc, for two photons numbered 1 and 2 is 
given by the simplified expression 

Nc = iVoe1£2^(0°) 

where N0 is the number of pairs of gamma photons in coincidence emitted by the 
source, e! and e2 are the detection efficiencies for photons 1 and 2 and W(0°) is a 
factor to be taken into account in correlating the two gamma photons in coincidence. 

The typical case is that of the ^Co lines at 1.7 and 1.33 MeV, giving a spec
trum with a sum peak at 2.5 MeV. Heath [5] studied the effects of geometry on the 
magnitude of the spectrum and the coincidence sum peak by comparing measure
ments for a single source placed at 0.75 and 10 cm from the detector. The height 
of this sum peak is ten times greater in the case of wide, solid angle geometry (when 
the source is only 0.75 cm from the detector). It is thus possible to reduce the inten
sity of this effect considerably, but only at the cost of detector sensitivity. 

2.4. Detector characteristics and performance [6] 

There are three main categories of gamma radiation detectors available on the 
market: 

(1) Scintillators: These are inorganic crystals, such as Nal(Tl) and CsI(Tl), 
coupled with photomultipliers. 

(2) Lithium drifted germanium detectors (Ge(Li)): These are solid state detectors 
maintained permanently at liquid nitrogen temperature. Faults in the low 
temperature system can result in the destruction of this type of detector. 

(3) Hyperpure germanium detectors: These are similar to type 2, but they have the 
advantage of requiring cooling to low temperature only a few hours before use, 
and of returning to ambient temperature without damage. 

The scintillation detectors (type 1) have resolutions between 20 and 60 keV 
full width at half maximum (FWHM) and efficiencies close to 100% at low energy 
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(<300 keV for a Nal thickness of 75 cm). Their cost depends on the size and shape 
of the crystals (massive cylinder or well), though it is usually of the order of a few 
hundred US dollars. 

The semiconductor detectors (types 2 and 3) give far better resolution than the 
scintillation detectors (frequently 2 keV at an energy of 1 MeV), their efficiency 
reaching about 70% of that of a scintillation detector with equal volume. However, 
the cost is high: US $10 000-$20 000 in 1984. They require a source of liquid 
nitrogen and special electronics to permit gamma spectrometry of complex sources 
without prior chemical separation. 

3. GAMMA SPECTROMETRY WITH GERMANIUM BASED SEMI
CONDUCTORS 

3.1. The gamma spectrometry system [5] 

The gamma spectrometry system includes the following essential elements: 

— A germanium based detector: Since 1978, lithium compensated germanium 
detectors have been replaced by type N high purity germanium detectors. The 
diode is a coaxial structure with a diameter as large as possible — around 
51 mm. The width of the cylinder is about 55 mm so as to produce a sizeable 
volume — around 90 cm3 (planar detectors are not of interest here because 
their efficiencies decrease drastically for energies greater than 400 keV). 

— A cryostat, with a vacuum chamber surrounding the detector. 
— Electronics, consisting first of a load preamplifier with field effect input tran

sistor, cooled and normally connected with the detector and cryostat, and a 
pulse amplifier. This electronic system also includes a detector polarizing unit 
and a pulse generator testing unit. 

— A pulse analyser, giving either simplified treatment of the peak surface or 
complete treatment of the spectrum. 

— A low activity lead enclosure: By way of example, the characteristics of the 
enclosure used by Hotzl and Winkler [7] are as follows: thickness 10 cm, 
length 50 cm and width 50 cm. This could be further improved by using Cd 
and Cu liners (as discussed in Section 2.3.1). 

For the analysis of environmental samples, it is useful to have a detection 
system made of materials that are contaminated as little as possible with radio
nuclides of the natural chains; for example, electrolytic copper or stainless steel 
instead of aluminium. It is best if the designers use materials whose radionuclide 
activity has been checked by specialized laboratories. In this way, it is possible to 
completely eliminate uranium and greatly reduce 226Ra and 228Ra and their daugh
ters in the background. An important characteristic of a gamma spectrometry system 
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is its energy resolution: this expresses the FWHM for a given energy peak. This 
parameter is used to characterize the fineness of a line spectrum. Resolution is 
1.9 keV for the 1332 keV peak of ^Co and 1.1 keV for the 122 keV energy of 
57Co. It is easy to see the advantages of these germanium detectors over Nal(Tl) 
detectors, for which the FWHM is 50 keV for the 661.6 keV energy of 137Cs. 

3.2. Analysis of 226Ra 

3.2.1. Direct measurement from a 226Ra line 

226Ra only emits a measurable line at 186.2 keV, the photon intensity of 
which is 3.3% (see the Annex). Powers et al. [8] and Reiman [9] note that a common 
interference is caused by the line at 185.7 keV emitted by 235U. Since the energy 
difference between these two lines of 235U is only 0.5 keV, they cannot be sepa
rated even by a germanium based detector (Ge(Li) and Ge hyperpure). 

Furthermore, in environments where the elements of the natural families are 
in or near equilibrium, this interference is by no means negligible. In fact, the photon 
emission rates are of the same order of magnitude, i.e. 3.29% for 226Ra and 2.51 % 
for 235U (in relation to 238U, taking into account their respective natural isotopic 
concentrations (0.72% and 99.28%) and their respective radioactive half-lives 
(4.47 x 109 and 7.04 X 108 a). 

The respective contributions of 235U and 226Ra could be evaluated on the 
basis of a 235U measurement, but this measurement is difficult. If we refer to 
Table A-l in the Annex, the second most important line of 235U, located at 
143.8 keV, could easily interfere with one of the 223Ra lines belonging to its own 
decay chain. 

In the case where 235U and 223Ra are in secular equilibrium, the photon 
emission rates of these two isotopes are also of the same order of magnitude (10.5 
and 3.1%, respectively — see the Annex). 

Kim and Burnett [10] were unable to calculate the contribution of 235U to the 
186 keV peak on the basis of 238U. Thus, a direct measurement of 226Ra can be 
made on the 186 keV peak only in the absence of uranium. This can be achieved by 
several methods, such as: neutron activation, alpha spectrometry and chemical 
separation; the right choice depends on the characteristics of the sample. 

3.2.2. Indirect measurement from a line of a 226Ra daughter isotope 

3.2.2.1. The 609 keV line of 214Bi 

Examination of Table A-l in the Annex shows that the 609 keV line is selec
tive: there is no line of any other radionuclide belonging to a natural family which 
interferes with it. Furthermore, it has a very high photon emission rate — 45% [1]. 
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For this reason, Powers et al. [8] exclusively use the 609 keV line of 214Bi for the 
quantitative determination of 226Ra in soil and water; Nathwani and Phillips [11], 
on the other hand, use this method only for soil. 

However, radioactive equilibrium between 226Ra and its daughters via the gas 
222Rn is necessary to obtain an accurate value of 226Ra activity. In view of the fact 
that in solids about 80% of the 222Rn in equilibrium remains present, radioactive 
equilibrium is reached for all practical purposes before the theoretical date — about 
20 d after sealing the measurement container — so that the waiting period can be 
correspondingly reduced. However, the results obtained by Powers et al. [8] in 
measuring the activity of 226Ra in liquids are not as satisfactory as the results with 
solids. These authors use Marinelli containers with a plastic cover, but it is known 
that radon dissolved in water can pass very easily through a wet plastic wall owing 
to the permeation phenomenon. For this reason, the use of containers impermeable 
to radon gas is recommended: either stainless steel, if there is only nitric acid to 
acidify the solution, or glass [12]. However, glass does have one disadvantage, 
namely a background radiation because of the radium and radium daughters 
contained in it. If a very low background is needed, quartz may be used. Further
more, since some water contains 222Rn with an activity a thousand times greater 
than 226Ra, it is wise to eliminate the dissolved radon from the water either by heat
ing to boiling or by using a bubbling technique such as that used by Michel et al. 
[12]. It is then necessary to wait until the 222Rn formed from dissolved 226Ra 
reaches equilibrium. 

According to Kirchmann et al. [13], another advantage of using the 609 keV 
line is the very slight variation in absorption in different samples. For river sediments 
up to a density of 1.8, there is no significant difference between the values measured 
at 609 keV and at 1120 keV. 

In the case of recent atmospheric nuclear fallout, the main artificial radio
nuclide that can interfere is 103Ru with a line at 610.3 keV, a photon emission rate 
of 5.64% and a half-life of 39 days. It is easy to identify when it is present because 
it emits a strong line at 497.1 keV, with a photon emission rate of 89.5%. 
125Sb (T1/2 = 2.76 a; 5.73% at 606.6 keV) is another fission product which can 
interfere, but its radioactivity is about a hundred times lower than that of-134Cs 
(T!/2 = 2.066 a; 97.6% at 604.7 keV), which in turn is present in fallout at an 
activity concentration lower than that of 103Ru. Obviously, these ratios change with 
the 'cooling' time. Nevertheless, these radioisotopes may be detected by their other 
gammas. 

3.2.2.2. The 609 keV line of 2I4Bi and the 352 keV and 295 keV lines of 214Pb 

In addition to the 609 keV line already considered above, some analysts prefer 
to use the 352 keV and 295 keV lines emitted by 214Pb. This has been done, for 
example, by Michel et al. [12], Roessler et al. [14] and by Reiman [9]. The line 
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emitted by 214Pb at 351.9 keV has a photon emission rate of 35.8%; 21IBi has a line 
at 351.0 keV, which interferes (although it has a low photon emission rate of 0.59%) 
and which has to be systematically subtracted. The 211Bi contribution may be 
calculated with the 223Ra line at 270 keV or with the 214Pb line at 832 keV, which 
must only be used after subtraction of 228Ac radioactivity. 

The line at 295.2 keV has a photon emission rate of 18.7%, half that of the 
line at 352 keV. The error connected with this line at 295.2 keV will be large and 
a correction for self-absorption will be necessary. For chemical sludge with a density 
of 0.6, a correction of -13% is required when the measurement is based on the 
352 keV line. Therefore, while the 352 keV line permits us to confirm the result 
obtained at 609 keV, it is the 609 keV line which gives the more accurate result 
because no correction is carried out. 

3.2.2.3. The 1120 and 1764 keV lines of 214Bi 

The photon emission rate of the 1120 keV line is 14.9% and that of the 
1764 keV line is 16.07%. Because of the drop in detector efficiency as a function 
of energy, the error becomes larger for environmental samples. On the other hand, 
for ores these peaks permit determination of the self-absorption correction when the 
activity of the sample is sufficient. Michel et al. [12] calculate activity on the basis 
of the 1120 keV line when the activity is sufficient. 

3.2.3. Quantitative calibration 

3.2.3.1. Calibration with the efficiency curve 

The radioactivity of a sample measured by spectrometry is given by the 
formula 

(N- B) - (N' - B') 
A = 

T0T) 

where 

A = radioactivity, expressed in Bq; 
N = number of pulses in the E\ -E2 energy band, with Ex < E < E2, where 

E is gamma energy (E{ is the beginning of the peak and E2 the end); 
B — number of continuous background pulses in the same energy band; 
N\ B' = N and B for the same counting time, but without a sample; 
T = counting time, in seconds; 
9 — absolute abundance of decay photons; 
17 = detector efficiency for photon energy. 
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The efficiency of a Ge detector — the only unknown factor in the above 
formula — is determined from a (preferably) mono-energetic series of standards 
covering the whole of the energy range used [15]. Other authors use radionuclides, 
which emit several gamma lines [16-19]. 

The radioactivity of these standards is chosen in such a manner as to give count 
rates of about 2000 counts/s so as to avoid errors owing to dead-time corrections and 
to pile-up and random coincidence effects. 

As has been mentioned earlier, the source is at a distance equal to or greater 
than 10 cm from the detector in order to reduce true coincidences. The geometry of 
the standards, the dimensions of the container and the density of the medium are 
identical to those of the samples. 

On the basis of two values — energy and efficiency — an adjustment is made 
by the least squares method with a semi-empirical function [20], or by a sum of 
several exponentials, from 3 to 7, depending on the energy region concerned, or else 
by a polynomial expression of the form 

n 

logr; = £ «<(log£)' 
(=0 

with n varying from 1 to 8 depending on the type of sample, detector, the energy 
region considered and the software used [21]. 

If the standards are of the same form but not of the same nature as the samples, 
it will be necessary to apply a correction factor for the difference in self-absorption 
between the media of the standards and the samples. If the source to detector distance 
is greater than 10 cm and the dimensions of the samples are small in comparison with 
those of the detector, the following formula can be used: 

ixph 

where 

T = transmission, 
p. = mass absorption coefficient, 
p = specific gravity, 
h = height of the sample. 

3.2.3.2. Calibration with 226Ra 

The complications mentioned above and the source of error (accurate 
knowledge of the abundance and half-lives of the standards) can be avoided by using 
a standard in equilibrium with its daughters whose dimensions and nature are 
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identical to those of the samples. In this case, a simple rule of proportionality gives 
the radioactivity of the sample. 

3.2.4. Processing of results 

Most modern spectrometers include computers. It is thus not too difficult to 
write adequate software for automatic solution of all of the calculations needed for 
the smallest corrections and to obtain particularly reliable and reproducible results, 
regardless of the operator. It is also possible to prepare a clear and full analytical 
protocol. 

To obtain reproducibility, it is nevertheless desirable to place the measurement 
assembly in a dust-free, temperature (max. AT of ±1°C) and humidity controlled 
room. Furthermore, a 'no break' type of power supply is very helpful because of 
the 'volatile' memories used in present computers. 

Annex 

We have seen that the total absorption peaks in a gamma ray spectrum are 
characteristic elements of the decay scheme of a radionuclide. They are used to iden
tify and to measure the activity of the radionuclide when the photon emission rate 
is already known. 

In order to identify the gamma lines and determine what possibilities there are 
of interference between them, die principal photons emitted by the natural radionu
clides have been classified in order of increasing energy in Table A- l . Only photons 
with an emission rate above 1 % which are emitted by radionuclides in radioactive 
equilibrium with the first member of the family, the activity of which is taken to be 
100, have been included in the table. The values are listed in the first subcolumn 
under photon emission rate and are taken from three radionuclide tables. The values 
for 226Ra and its daughter products are taken from the radionuclide table in 
Ref. [1]. Other values without asterisks are taken from Ref. [22]. The nuclides with 
asterisks are from Ref. [23]. 

In many cases the absolute photon emission rates have been calculated with 
allowance for the internal conversion coefficient eK/y when they were given only in 
relative values. The photon emission rates of the gamma lines in the 235U chain 
have been divided by the activity ratio, 2 3 8TJ/ 2 3 5U = 21.45, in natural uranium and 
the results are presented in the second subcolumn on the right hand side of the table. 
These values permit us to evaluate the interferences from lines of radionuclides 
belonging to the 235U chain with those belonging to the 238U chain in natural ura
nium. For example, the photon emission rate of the 186.2 keV peak of 226Ra is 
3.29% and the photon emission rate of the 185.7 keV peak of 235U is 2.51% (i.e. 
the same order of magnitude), not 54% if one allows for the isotopic concentration 
of 235U in natural uranium. 
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TABLE A-l . PHOTONS EMITTED BY RADIONUCLIDES IN RADIOACTIVE 

EQUILIBRIUM IN THE THREE NATURAL CHAINS WITH PHOTON 

EMISSION RATES > 1% (EXCEPT FOR 234Pam AND 230Th). THE TABLE IS 

ARRANGED IN ORDER OF INCREASING PHOTON ENERGY 

U-238 
decay chain 

Pb-210 

Pb-214 
Th-234 
Th-230 
Pb-214 

Pb-214 

Pb-214 

Th-234 

Ra-226 

Radionuclides 

U-235 
decay chain 

Th-227 

Th-231 

U-235 
Ra-223 

U-235 
Ra-223 
Ra-223 
U-235 
U-235 

U-235 

Th-227 

Th-232 
decay chain 

Bi-212 

Pb-212 
Tl-208 

Pb-212 

Th-228 

Pb-212 
Ac-228 

Ac-228 
Ac-228 
Ac-228 

Ac-228 

Ac-228 

Pb-212 

Photon 
energy 
(keV) 

39.9 
46.5 
50.2 
53.2 
63.3 
67.7 
74.8* 
74.8* 
75.0* 
77.1* 
77.1* 
84.2 
84.4 
87.3* 
87.3* 
90.0* 
92.6D 
93.4* 
99.6 

105.0* 
109.3 
122.4 
129.1 
143.8 
144.3 
154.3 
163.4 
185.7 
186.2 
205.3 
209.5 
236.0 
238.6 

Photon emission rate (%) 

Radionuclide 
in equilibrium 

in its chain 

1.1 
4.06 
7.1* 
1.12 
3.9 
0.37* 
6.2 

10.7 
1.3 

10.4 
18.0 
6.5* 
1.2 
4.6 
8.0 
2.1 
5.6 
3.5 
1.3 
1.6 
1.4 
1.2* 
2.5 

10.5 
3.1* 
5.2* 
4.8 

54.0 
3.29 
4.7 
4.1 

11+2* 
45.0 

Radionuclides of 
the U-235 chain 

in natural uranium 

0.30 

0.065 
0.06 

0.49 
0.14 
0.24 
0.22 
2.51 

0.22 

0.51 
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TABLE A-1. (cont.) 

U-238 
decay chain 

Pb-214 

Pb-214 

Pb-214 

Bi-214 
Bi-214 

Bi-214 

Pb-214 

Bi-214 

Radionuclides 

U-235 
decay chain 

Th-227 
Ra-223 

Rn-219 

Pa-231 
Th-227 

Th-227 
Pa-231 

Pa-231 
Ra-223 
Pa-231 

Ra-223 
Bi-211 

Rn-219 
Pb-211 

Pb-211 

Th-232 
decay chain 

Ra-224 

Ac-228 

Tl-208 

Pb-212 

Ac-228 

Ac-228 

Ac-228 
Tl-208 
Tl-208 

Bi-212 
Ac-228 

Ac-228 
Bi-212 

Ac-228 

Photon 
energy 
(keV) 

241.0 
242.0 
256.3 
269.4 
270.2 
271 
277.2 
283.7 
286.2 
295.2 
300.0 
300.1 
300.6 
302.7 
323.9 
330.0 
338.5 
338.6 
351.0 
351.9 
401.8 
404.8 
409.5 
427.0 
463.0 
510.7 
583.1 
609.3 
665.5 
727.2 
755.1 
768.4 
771.9 
785.4 
785.9 
794.9 
806.2 

Photon emission rate (%) 

Radionuclide 
in equilibrium 

in its chain 

4.0 
7.41 
6.2* 

13.6* 
3.8 

10 
2.4 
1.6* 
1.3* 

18.7 
1.9* 
2.3* 
3.4 
2.3* 
3.6* 
1.3* 

12.3 
2.6 

12.7* 
35.8 
6.6* 
3.5* 
2.1 
1.5* 
4.7 
9.0 

30.0 
45.0 

1.55 
7.0 
1.1 
4.83 
1.7 
1.3 
1.05 
4.9 
1.21 

Radionuclides of 
the U-235 chain 

in natural uranium 

0.29 
0.63 

0.47 

0.075 
0.06 

0.09 
0.11 

0.11 
0.17 
0.06 

0.59 

0.30 
0.16 

0.07 
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TABLE A - 1 . (cont.) 

Radionuclides 

U-238 
decay chain 

Bi-214 

Pa-234m 
Bi-214 
Bi-214 
Bi-214 
Bi-214 
Bi-214 
Bi-214 
Bi-214 

Bi-214 

Bi-214 
Bi-214 
Bi-214 
Bi-214 
Bi-214 
Bi-214 
Bi-214 

U-235 
decay chain 

Pb-211 

Th-232 
decay chain 

Ac-228 
Ac-228 
Tl-208 
Ac-228 
Ac-228 

Ac-228 
Ac-228 

Ac-228 
Ac-228 

Ac-228 
Bi-212 
Ac-228 

Tl-208 

Photon 
energy 
(keV) 

831.8 
833.00 
840.2 
860.1 
904.1 
911.1 
934.1 
964.6 
968.9 

1001.0 
1120.3 
1155.2 
1238.1 
1281.0 
1377.7 
1401.5 
1408.0 
1459.2 
1499.0Z) 
1509.2 
1588.1 
1620.6 
1631.0T 
1661.3 
1729.6 
1764.5 
1847.4 
2118.6 
2204.1 
2447.7 
2614.7 

Photon emission rate (%) 

Radionuclide 
in equilibrium 

in its chain 

3.0 
2.8 
1.0 
4.7 
1.0 

29.0 
3.10 
5.5 

17.5 
0.6 

14.9 
1.70 
5.96 
1.48 
4.15 
1.39 
2.51 
1.2 
2.1 
2.13 
4.6 
1.8 
3.4 
1.17 
3.06 

16.07 
2.14 
1.18 
5.06 
1.57 

36.0 

Radionuclides of 
the U-235 chain 

in natural uranium 

0.14 

Note: x: follows an X ray line. 
D: the value represents the energy of two 7 lines: doublet. 
T: the value represents the energy of three 7 lines: triplet. 

An asterisk after a photon emission rate means that it was taken from Ref. [23] either 
directly if it was absolute (%), or after deduction of internal conversion if it was 
relative (+). 
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1. INTRODUCTION 

There are four naturally occurring radium isotopes. 226Ra occurs in the 238U, 
223Ra in the 235U and 228Ra and 224Ra in the 232Th series. Their characteristics are 
given in Chapter 1-2 in this volume. From the point of view of environmental 
monitoring, the isotopes of importance are 226Ra and 228Ra because of their half-
lives, which are 1600 and 5.7 a, respectively. Thus, most of the analytical methods 
based on gross counting seek to determine one or both of them [1-22]. There are, 
however, some procedures that permit analysis of 223Ra or 224Ra [23-27]. 

2. GROSS ALPHA COUNTING 

The determination of radium, especially 226Ra, by gross alpha counting has 
been practised for many years (see, for example, Ref. [25]). It is a simple method 
based on the alpha counting of a precipitate containing radium, generally 
Ba(Ra)S04. The analytical procedure currently used can be summarized as follows. 
A barium carrier and citric acid are added to the sample solution; in some proce
dures, lead is also added to help precipitation. Barium tracer, stable barium or a 
barium marker with 133Ba must be added in the case of soil or ashed samples before 
the dissolution of the sample (details of sample preparation and dissolution are given 
in Chapter 3-9 in this volume). The solution is neutralized and radium is co-
precipitated as Ba(Ra)S04 or Ba,Pb(Ra)S04 by adding sulphuric acid. The amount 
of carrier normally used is about 20 mg of Ba and 200 mg of Pb. The precipitate 
is dissolved with alkaline ethylenediaminetetraacetic acid (EDTA). On lowering the 
pH down to 4.5 with acetic acid, Ba(Ra)S04 is reprecipitated, while such interfer-
ents as thorium, polonium and lead remain in solution. The final precipitate is 
filtered and after a convenient ingrowth time (see below), an alpha counting of the 

205 
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at/a0 

Radium-223 t =11.2 d 

FIG. 1. Growth of alpha activity into pure radium isotopes [24J. a,/^ is the ratio between 
the total alpha activity (radium and daughters) at time t, at and the initial (radium) alpha 
activity, a0. 

precipitate is performed. A proportional counter or a ZnS(Ag) scintillator is usually 
used as a detector [1, 2, 4-8, 15, 19, 21, 23-27]. 

The three naturally occurring radium alpha emitter isotopes (226Ra, 224Ra and 
223Ra) have quite different half-lives. By performing the measurements at different 
times, the isotopes can be identified by the ingrowth rate of their daughters in the 
precipitate. The 226Ra activity increases at a rate governed by the 3.8 d half-life of 
222Rn; the activity of 223Ra increases very rapidly and then decreases with a half-
life of 11.4 d. In the case of 224Ra, the isotope and its two first daughter elements 
reach saturation in a few minutes; the activity then increases slowly as 212Pb grows 
with a 10.6 h half-life, while 224Ra itself decays with a 3.64 d half-life. The growth 
curves of the three radium isotopes are shown in Fig. 1 [24, 25, 27]. 

One would normally expect that the ratio of 226Ra to 223Ra activities would be 
identical, or at least similar to the natural 238U to 235U activity ratio, which is about 
20. However, this is not the case in uranium milling [4, 20, 28]. In fact, for liquid 
effluents or mine tailings of mills using a sulphuric acid leaching process, the bulk 
radium activity is due to 223Ra and its daughters. In such cases it is best to deter
mine 226Ra by emanometry (see Chapter 3-2 in this volume). 

For determining 226Ra environmental samples, it would be better to count the 
samples after one month of growth. After this time the contribution of 224Ra and 
223Ra is quite low [1, 7, 8, 15]. 

In addition to the radiometric interferences discussed above, there are three 
other points that must be taken into account: 

(a) The self-absorption factors for 226Ra and its daughters are attributable to the 
different alpha particle energies (226Ra: 4.8 MeV; 222Rn: 5.5 MeV; 218Po: 
6.0 MeV; 214Po: 7.7 MeV). If one supposes that they are equal, the equation 
for the calculation of 226Ra becomes: 
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A (226Ra) = ^ ( B q ) (l) 
Id/*,Iph(l + 3 (1 - e -^ j 

where 
A (226Ra) = 226Ra activity, in Bq, 
RN = net impulse rate, in counts/s, 
ych = chemical yield, 
Yph = counting efficiency, 
/abs = self-absorption yield, 
X = 222Rn decay constant, d"1, 
/ = ingrowth time, in days, 
(1 + 3 ( 1 - e ^ ) = growth fraction. 

However, the self-absorption factors are not equal and we have a value different 
from 3. This value can be experimentally determined [8], or estimated from self-
absorption curves [5]. Instead of Eq. (1), ingrowth curves determined for the count
ing equipment can be used (e.g. Ref. [25]). 

(b) Another problem is the determination of the chemical yield, Ych. Some 
discrepancy has been noted between the gravimetric method and the atomic 
absorption, or I33Ba methods [29]. 

(c) Although the author has not encountered 222Rn losses in the range of the 
BaS04 amount used (10.5-42.0 mg) [8], it must be pointed out that, depend
ing on the precipitate amount or on the crystal size radon losses can occur, as 
related in Chapter 3-3 in this volume. 

The determination of 226Ra by gross alpha counting in environmental samples is a 
very common method. Its principal disadvantage is the interference from other 
radium alpha emitting isotopes. However, as explained above, by choosing the 
correct ingrowth time these interferences can be eliminated. Taking into account the 
three sources of errors mentioned above, the determination of 226Ra by gross alpha 
counting is an exact and precise mediod. Furthermore, it does not require a long 
separation procedure or sophisticated measurement equipment. The detection limits 
normally reached with this technique are around 3.7 mBq. In cases where an 
ingrowth time of one month is inconvenient, a result may be obtained more rapidly 
by means of emanometry. 

3. GROSS BETA COUNTING 

Gross beta counting has been mainly used for 228Ra determination. This is 
done not because 228Ra (T1/2 = 5.7 a) is the only naturally occurring radium isotope 
which emits beta radiation, but because 228Ac (T1/2 = 6.1 h), its daughter product, 
emits beta rays of high energy in contrast with the low energy 228Ra beta particles 
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(the 228Ac mean Emm = 1.37 MeV; 228Ra mean £max = 0.029 MeV). Similarly, 
beta daughter products can be used for the determination of 224Ra, 226Ra or 223Ra, 
which are alpha emitters [5, 11, 20]. As a counter, one can use a proportional or 
Geiger-Muller detector, or a plastic scintillator [3-9, 19-20, 22, 27]. 

There are two different ways of performing 228Ra analysis by gross beta 
counting: 

(a) Without 228Ac separation. Since, in this case, the analysis is carried out after 
radium separation, as described in Section 2, the remaining interferents are 
radium isotopes and decay products. The choice of the correct decay and 
ingrowth times is fundamental. A decay time of one month after the dissolution 
of the Ba(Ra)S04 precipitate with EDTA will avoid interference from 224Ra. 
Performing the counting two days after the Ba(Ra)S04 reprecipitation, 228Ac 
will be in equilibrium with 228Ra; the 214Pb and 214Bi decay products of 226Ra 
will reach 30% of equilibrium owing to the 3.84 d half-life of 222Rn. When 
gas detectors are used for counting, a 7 mg/cm2 absorber is used to avoid the 
contribution of alpha emitters. 
The 228Ra activity is given by the equation: 

A (228Ra) = * (RN-Ych Fph(2) A (226Ra) (1 - <TX')) 

where 
A (228Ra) = 228Ra activity, in Bq, 
ych = chemical yield, 
Fph(l) = counting efficiency for 228Ac, 
RN = beta net counting rate, in counts/s, 
7ph(2) = counting efficiency for (214Pb + 2I4Bi), 
^(226Ra) = 226Ra activity, in Bq, 
X = 222Rn decay constant, d"1, 
t = time between the BaS04 reprecipitation and beta counting 

(b) With 228Ac separation. There are different procedures for separating 228Ac, 
but the detailed description of each one is outside the scope of this review. 
Table I gives examples of possible procedures. 

The disadvantages of the 228Ra determination methods by gross beta counting 
without 228Ac separation are the 224Ra decay time (approximately one month), the 
dependence of the detection limits on the 226Ra concentration and the necessity of 
the 226Ra determination. Without 226Ra interference, the detection limits are around 
37 mBq per sample. However, when 226Ra has to be determined by emanometry or 
by gross alpha counting, it can be analysed with a minimum of additional work when 
the small interference, if any, of 224Ra has vanished during the time spent with the 
ingrowth of 222Rn. 
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TABLE I. EXAMPLES OF Ra-228 DETERMINATION METHODS BASED ON 
Ac-228 SEPARATION 

Reference 

Absorb on MnOz, desorb with HC1 co-precipitate on BaS04. [17] 
Ba/Sr separation as chlorides. First TTA extraction. After 
36 d waiting time, second TTA extraction. Organic phase 
evaporation beta counting. 

Radium co-precipitation on PbS04. Pyrosulphate fusion. [19] 
PbS04 dissolution DTPA. Radium co-precipitation on 
BaS04. 20 h ingrowth time for Ac-228. Actinium extraction 
with HDEHP. Re-extraction. Actinium co-precipitaiton on 
cerium oxalate beta counting. 

Radium co-precipitation on PbS04 sulphate transformations [20] 
in carbonate. Dissolution with nitric acid. Extractions with 
HDEHP and Aliquot 336. Evaporation beta counting. 

Radium co-precipitation on Ba,Pb(S04). Reprecipitation [6] 
from EDTA solution. Dissolution with EDTA. Actinium co-
precipitation on yttrium hydroxide and yttrium oxalate. Beta 
counting. 

The methods based on Ac separation have, of course, the disadvantage of 

an additional separation procedure, which, however, gives the assurance of a meas

urement free of interferents. The detection limits are around 37 mBq per sample. 

In addition, in areas of high artificial fallout and low natural radioactivity, the 

presence of ^ S r / ^ Y must be taken into account [8, 18]. 
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Methods for measuring radium isotopes: 
LIQUID SCINTILLATION 

W.J. MCDOWELL 
Chemistry Division, 
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Oak Ridge, Tennessee, 

United States of America 

1. INTRODUCTION 

Liquid scintillation methods allow the counting of non-penetrating alpha and 
beta radiation in ways that are usually more accurate and reproducible, and often eas
ier, than counting plates, solids, or smears. In addition, counting efficiency is virtu
ally 100% for alphas and is high (as compared with plate counting methods) for 
betas. These qualities make liquid scintillation an attractive choice for counting 
radium or radium daughters, or the two together, since alpha and beta radiation 
predominates in the radium decay chains (see Chapter 1-2 in this volume). The 
advantages of liquid scintillation have been exploited for beta counting because self-
absorption problems for low energy beta emitters are so severe in plate (solids) 
counting methods that beta counting by these methods is of limited usefulness. Liquid 
scintillation has been much less used for alphas because other usable methods were 
developed and because equipment and methods to take full advantage of alpha liquid 
scintillation and spectrometry have not been readily available. 

As noted above, the advantages of liquid scintillation counting are 4ir counting; 
reproducibility (no counting geometry problems); and (usually) simplicity of sample 
preparation. Under the right conditions the accuracy of the determination by liquid 
scintillation can also be better than that by plate counting methods because of the 
absence of geometry and sample self-absorption problems and because of a higher 
count rate. These advantages of liquid scintillation counting are offset, however, by 
several disadvantages, namely variable quenching (from sample colour and quench
ing chemicals); high and variable background; and poor energy resolution and iden
tification. The two latter problems are particularly troublesome in alpha counting. 

2. RADIUM DETERMINATION BY BETA SCINTILLATION 

There are several ways in which one can use liquid scintillation methods for 
the determination of radium. The simplest of these is to add the raw sample to an 
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all purpose, aqueous accepting scintillator of the type used for beta assay and count 
the sample in a commercial beta liquid scintillation counter. This has the advantages 
of ease, simplicity, speed and low cost. The disadvantages are that there is little con
trol over the degree of quenching (each sample may introduce different amounts of 
quenching materials), energy resolution/identification is poor to non-existent and 
backgrounds are high (and may be variable). In addition, it is usually not possible 
to separate other alpha, beta, or gamma produced pulses either by energy or pulse 
shape resolution under these conditions; and thus many other radionuclides (ura
nium, thorium and their daughters) will interfere. However, in some cases, useful 
results can be obtained by this approach. 

Onuma et al. [1], ProcMzka and Jflek [2] and Parks and Tsuboi [3] added an 
aqueous sample, either untreated water, water treated by evaporation, or an aqueous 
solution of ashed biological materials to an aqueous accepting scintillator of the type 
commonly used for beta liquid scintillation work. In addition, Noyce et al. [4] ana
lysed the beta emitter 228Ra by introducing a solution of the separated, purified 
nuclide to a scintillation cocktail. Asikainen [5] measured the concentration of 226Ra 
and 228Ra in groundwater by assigning the low energy beta count in the liquid scin
tillation spectrum to 228Ra, presumably subtracting a variable background based on 
the count in some higher energy window. 

Prichard and Gesell [6] reported on a survey of radium in various water sup
plies in which counting vials were preloaded with 5 mL of toluene or mineral oil 
based scintillator and distributed to the sampling points. The sample water was then 
added and the vials returned for counting. In all of these cases, both radium and its 
daughters contributed to the radiation that was counted. 

A finite amount of time was allowed for daughter ingrowth and usually stan
dards were used to establish counting efficiency. Although in these determinations 
the gain of the liquid scintillation counter was optimized for maximum count and the 
window for minimum background, the overall efficiency of counting could not be 
known without standards. The limits of detection were reported to be from 0.02 to 
3.7 Bq in a 1 L sample. The former is probably optimistic and the latter conserva
tive. An important factor in determining detection limits is the counter background, 
which in these cases was in the 10-20 count/min range. An expression derived by 
Currie [7] may be used to estimate the detection limit, LD, in counts from the 
background 

LD = 2.71 + 4.65 Vfi" 

for the sample as introduced into the counting chamber, where B is the background 
that would be accumulated during the sample count. The degree to which the sample 
can be concentrated also affects the detection limit. Thus, for a sample that was con
centrated tenfold before counting, the lower limit of detection for the original sample 
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would be one-tenth of that calculated by the equation above. However, in spite of 
the high background, the ability to count radon and its daughters (resulting in a vir
tual counting efficiency of 600% for radium) often makes this method competitive 
with other methods for LD. 

The accuracy of determinations using the counting methods above probably 
depends on a variety of experimental factors. In these direct counting techniques 
there appears to have been limited ability to account for the contributions from other 
radionuclides introduced with the sample, although Parks and Tsuboi [3] determined 
the amount of 222Ra present from the slope of the count versus time plot after ini
tially removing 222Rn from the sample by sparging. 

3. RADON MEASUREMENT METHODS 

The most common way of obtaining a 226Ra or 224Ra liquid scintillation has 
been to transfer the daughter 222Rn or 220Rn to the liquid scintillator by taking 
advantage of the high solubility of Rn in toluene (about fifty times greater than in 
water) and similar organic solvents. Direct phase transfer between an aqueous sam
ple and the organic scintillant solution or toluene (with fluors added later) was used 
by Homma and Murakami [8], Horiuchi and Murakami [9], Horiuchi et al. [10], 
Murakami et al. [11], Noguchi [12], Gesell et al. [13], Burcik [14], Bouda [15] and 
Hajicek [16], usually without pretreatment of the sample other than sparging aqueous 
samples with an inert gas to remove any pre-existing radon. Horiuchi and Murakami 
[9], Horiuchi et al. [10] and Murakami et al. [11] measured the integral activity of 
the sample at intervals of up to 6 hours and then at 106 hours. From the slope of 
the count rate versus time curves they were able to determine the 222Rn and 220Rn 
concentrations and then the 226Ra and 224Ra concentrations. 

The transfer of radon to the scintillator in the ways mentioned above practically 
eliminates the possibility of transferring radionuclides other than radon to the scintil
lator. After transfer of the radon to the organic scintillator, a period of 3-4 hours 
was allowed for the 222Rn daughters to come to equilibrium and the 220Rn and first 
daughter to decay (for 2I2Pb and daughters to decay would require approximately 
3 days). Even if the aqueous sample remains in contact with the aqueous immiscible 
scintillator, there will be little or no effect on the scintillator from alpha or beta radia
tion that originates from nuclides remaining in the aqueous phase. Thus, uranium, 
thorium and even solid radon daughters will not interfere. In a few cases, radon has 
been transferred through the gas phase (isopiestically) to the scintillator or to 
toluene [3]. Darrell et al. [17] absorbed radon in silica gel at liquid nitrogen tempera
tures, boiled off other gases at 0°C and transferred the radon on the silica gel to the 
scintillator. A three hour ingrowth period was allowed for radon daughters to 
accumulate before counting in order to obtain the maximum count, although, as in 
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most such cases, counting could have been done at any time since the ingrowth 
curves for all of the daughters are known. 

As was the case with samples added directly to the scintillator, in all of the 
above procedures standard samples were used for calibration. The limits of detection 
of these methods were reported to be in the range of 0.01-0.04 Bq for a 1 L sample 
and accuracy was variously estimated at between +5 and +10%. 

4. USE OF CHEMICAL ISOLATION 

Some workers have used a chemical isolation process of radium prior to the 
counting step. Higuchi et al. [18], Prichard and Gesell [6], and Prichard et al. [19] 
all used a cation exchange resin (usually Dowex 50W-8X, 20-50 mesh) to separate 
and preconcentrate radium from an aqueous sample (water or dissolved solids). In 
all of the above cases the radium containing resin was immersed in the organic scin
tillator, and after an appropriate daughter ingrowth period, the sample was counted. 
Apparently radon diffused into the scintillator and radon and its daughters were 
counted. It is not certain whether any radium alphas were counted in this way or, 
if they were, what fraction of those emitted was counted. If the radium itself 
remained within the resin and did not come in contact with the scintillator solution, 
alphas emitted within the resin would not be detected. 

The method of isolating radium on a resin has the potential for eliminating 
interferences from several radionuclides; however, only Higuchi et al. [18] report 
specific procedures for removing interferences. In this work, strontium and caesium 
were eluted from the resin by ethylenediaminetetraacetic acid (EDTA). 224Ra and 
daughters would be counted by this method unless a 25-30 day decay period was 
allowed before counting. However, it is doubtful if thorium and uranium could be 
chemically separated by this method because of their strong affinity for cation 
exchange resins, and thus they would feed the radium decay chains and make the 
elimination of 224Ra and daughters impossible. There would probably be no inter
ferences from the thorium and uranium alphas if they remain within the resin. 

Methods for the chemical isolation of radium have also included co-
precipitation with lead sulphate, followed by co-precipitation with barium sulphate 
[20] and co-precipitation with barium sulphate alone [21-23]. In the latter case, the 
sample of separated barium (radium) sulphate was placed in a vessel that allowed the 
radon that accumulated after 30 days to be transferred via a vacuum system and dis
solved in toluene. Fluors were then added, time was allowed for secular equilibrium 
with the daughters and then the sample was counted in a commercial beta liquid scin
tillation counter. Cooper and Wilks [20] dissolved their barium sulphate precipitate 
in 7 mL of EDTA plus sodium carbonate and placed it in a 20 mL scintillator vial 
in contact with a toluene based, aqueous immiscible scintillator. Samples of known 
radium content that were run by this procedure yielded 96% of the standard value. 
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In addition to a commercial beta liquid scintillation counter, these investigators built 
a single phototube detector designed to give somewhat improved energy resolution. 
They were thus able to resolve peaks corresponding to 222Rn + 2I8Po (5.99 and 
6.00 MeV) and 2I4Po (7.69 MeV) and to see the background contribution more 
accurately. The lower limit of detection was given as 0.006 Bq for the single 
phototube detector and 0.016 Bq for the commercial beta liquid scintillation counter. 
Assuming sufficiently long counting times for good counting statistics, the uncertain
ties in these methods are primarily due to variations in sample preparation. 

5. ENERGY RESOLUTION COUNTING METHODS 

Liquid scintillation systems are capable of much higher alpha energy resolution 
than is possible with commercial beta liquid scintillation counters if scintillator sam
ple, detector and electronics are optimized for this purpose. This has been demon
strated by a number of people [24-30]. In addition, electronic pulse shape 
discrimination is able to distinguish between pulses produced by beta and gamma 
events and those produced by alpha events [31-33]. Energy resolution and beta-
gamma pulse rejection capabilities allow separation and identification of alpha ener
gies and rejection of virtually all beta-gamma pulses if desired. Effective back
grounds under an alpha peak of about 0.01 counts/min are attainable and better than 
99.95% of the beta-gamma background in a sample can be rejected [34]. Figure 1(a) 
shows the 226Ra spectrum immediately after extraction of the radium into the scin
tillator; the spectra in Figs 1(b) and 1(c) were taken 30 days later. 

The ability to see and identify individual alphas and to reject beta-gamma 
pulses allows the detection of interferences from other alpha emitters, if present, and 
allows rejection of interferences from beta and gamma emitting nuclides. Thus, we 
have the possibility of endowing liquid scintillation methods with most of the advan
tageous properties of plate counting methods without many of the disadvantages of 
either the plate or liquid scintillation methods. That is, one could have 4ir counting 
without self-absorption and geometry problems and without high and variable back
grounds from betas and gammas or uncertainty as to whether there was interference 
from unwanted alphas. It remains, however, to develop acceptable procedures for 
separating radium and placing it in an aqueous immiscible scintillator so that energy 
and pulse shape resolution can be obtained by liquid scintillation. Some of the proce
dures [4, 20, 23] show encouraging progress in this direction. In the first reference, 
mention is made of a procedure using a sulphonic acid cation exchange resin eluted 
by a solution of cyclohexylenediaminetetraacetic acid [35] that the authors say may 
offer a clean separation of radium from the barium necessary to carry radium in co-
precipitation. A radium selective liquid-liquid extraction reagent would be the most 
desirable method of transferring the radium in the aqueous sample to a scintillator. 
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FIG. 1. Liquid scintillation spectra of Ra and daughters, (a) Ra spectra taken a few 
minutes after extraction into the scintillator. Integration of the radium peak is very accurate, 
(b) Spectra of 226Ra and daughters measured approximately 30 days after extraction. The 
beta-gamma continuum has been removed using electronic pulse shape discrimination. All 
peaks can be integrated or the radium peak alone can be integrated with good accuracy, (c) 
Spectra of 226Ra and daughters taken approximately 30 days after extraction with no pulse 
shape discrimination. Subtraction of the beta-gamma background here is difficult. 
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However, no such reagent is currently known, although a high molecular weight car-

boxylic acid has been shown to be effective in the solvent extraction of radium [36]. 

Some authors have included reviews and evaluations of the various methods 

of determining radium by liquid scintillation in their papers [13, 37]. As better 

methods of separating radium from other elements, perhaps most importantly from 

barium, are developed, and as better liquid scintillation instrumentation becomes 

available, it is expected that the determination of radium and other alpha emitting 

nuclides by liquid scintillation methods will become more attractive. 
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The use of coincidence methods, in particular beta-gamma or alpha-gamma 
methods, to measure environmental samples is not new. Lai et al. [1] described a 
beta-gamma coincidence system that was applied in a tentative determination of the 
half-life of 48Ca decay to 48Sc. Bhandari et al. [2] described the use of this 
technique in the direct determination of natural radionuclides in marine sediments, 
but of its early applications, the major one seems to be the determination of 
131I levels in milk (see, for example, Refs [3, 4]). Besides the methods presented in 
Chapter 3-5 of this volume, there are few other methods that are able to determine 
low concentrations of 228Ra in water. Normal 228Ra concentrations in surface water 
are of the order of 4 x 10~2 Bq/L [5]. One of the alternatives is beta-gamma 
coincidence spectrometry, suggested by McCurdy and Mellor [6-8] after a chemical 
separation of radium as Ba(Ra)S04. In these publications, the authors also deter
mined 224Ra and 226Ra by alpha-gamma coincidence with the addition of ZnS(Ag) 
to the precipitate. 

226Ra decays because of two possible alpha transitions, 94.5% by alpha 
emission to the ground state of 222Rn and the remaining 5.5% by alpha emission to 
a metastable state of 222Rn, which promptly releases energy by isomeric transition. 
Further analysis of the decay scheme indicates that 50% of the 222Rn isomeric 
transition is associated with the emission of a 186 keV gamma ray and 40% occurs 
by conversion electron emission. Therefore, the alpha-gamma coincidence abun
dance for 226Ra is 0.033 per transformation. No other alpha-gamma coincident 
emissions are prevalent in the 226Ra series [7, 8], 

In the 228Ra decay chain, only 224Ra decays by an alpha emission, followed 
by a prompt isomeric transition (220Rn). Although this decay mode occurs 5.2% of 
the time, the alpha-gamma coincidence abundance (4.1%) associated with the 
241 keV gamma ray is of similar magnitude to that of 226Ra. The energy differ
ential of 224Ra and 226Ra gamma rays is sufficient to permit sodium iodide (Nal) 
detectors of average resolution to completely separate the photopeaks of 224Ra and 
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226Ra without much difficulty. The presence of 224Ra in the sample will create some 
Compton interference in the photopeak area of 226Ra, but the magnitude of the 
interference is dependent on the concentration ratio of the two isotopes at the time 
of measurement and the photopeak area selected for 226Ra. 

The gamma ray lines used in the identification and quantification of 228Ra by 
228Ac must be selected judiciously so that other nuclides, in the 226Ra and 228Ra 
decay chains which exhibit beta-gamma transition, do not cause interference. 
Fortunately, the radiochemical purification steps, as described in Chapter 3-5 in this 
volume, remove the decay products of 224Ra, 226Ra and 228Ra. In addition, the 
228Th decay product of 228Ac is long lived (1.9 a) and is an alpha emitter. Conse
quently, in the absence of an initial amount of 224Ra, the short lived decay products 
of 228Th will not reach any significant degree of equilibrium in the normal time 
frame for analysis. After four days the decay products of 226Ra attain about 50% 
equilibrium and the decay products of 224Ra are in equilibrium with this radium 
isotope, which has decreased to about 50% of its original activity. Evaluation of the 
226Ra decay chain reveals that 214Pb is a beta-gamma emitter and its decay 
produces about the same lower energy beta-gamma ray emissions as 228Ac. For this 
reason, the lower energy gamma rays are not ideal for 228Ac beta-gamma analysis. 
The only other gamma transitions of high abundance which are free of major 226Ra 
progeny interferences are those associated with the 909 and 967 keV gamma ray 
emissions. A slight interference of the photopeak area for the 909-967 keV 
photopeaks will be caused by the Compton scattering of higher energy gamma rays 
(mainly 1765 keV) from 214Bi decay. However, the degree of interference is small 
for normal situations and is a function of the quantity of 226Ra present in the final 
sample matrix, the degree of 226Ra progeny ingrowth permitted and the size of the 
gamma ray detector. Similarly, but to a much lesser degree, the 2611 keV gamma 
ray from the decay of the 224Ra decay product 208T1 will contribute some Compton 
scattering in the 909-967 keV photopeak region [8]. 

In the counting system described (Fig. 1, Ref. [8]), a multichannel analyser 
(MCA) is used to collect the alpha-gamma and beta-gamma spectra from 226Ra and 
228Ra. This approach is somewhat more sophisticated than the use of scalers 
coupled with single channel analysers (SCAs) having energy windows set for the full 
width tenth maximum of the identifying gamma photopeak that was described 
earlier [6]. This newer approach was introduced to eliminate any bias in the 
calculation of the 226Ra concentrate owing to the Compton interference from 
224Ra [7]. 

The amount of Compton interference from the 1765 keV photopeak of 214Bi 
of the 226Ra decay chain in the 909-967 keV region of 228Ac is evaluated by analys
ing a 226Ra-BaS04 precipitate in the beta-gamma coincidence mode. Of course, the 
degree of interference will depend upon the physical parameters of the detection 
system used, but for the system described [8], it was found that the interference 
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amounted to 0.017 counts/disintegration of Ra when counting the final preci
pitate in full equilibrium with its decay products. For a normal processing time, 
about two days, the interference should be no greater than 0.0005 counts/disinte
gration of 226Ra in the final amount, or a 25% increase in the typical beta-gamma 
background of 0.02 counts/min for each disintegration/min of 226Ra.1 

To obtain the alpha or beta signals, one can use proportional or Geiger-Muller 
counters instead of scintillators [1, 2, 9]. The detection limits reached with this 
technique, as explained above, are dependent on the quantity of radium isotopes 
present in the sample other than that to be analysed. For the radionuclides alone, 
without interference, the detection limits reached with this technique are around a 
few mBq/L. This method is one of the few that permits 228Ra measurement in water 
in the range of tens of mBq/L without a long chemical separation process (see 
Chapter 3-10 in this volume) and without such interferences as ^ S r / 9 ^ . For these 
reasons the United States National Bureau of Standards, in work commissioned by 
the United States Environmental Protection Agency, suggested the adoption of 
coincidence spectrometry as a reference method [10]. The principal disadvantage of 
this recommendation is that the counting system is not likely to be present in the usual 
water analysis laboratories and represents a significant additional expense. 

REFERENCES 

[1] LAL, D., RAJAGOPALAN, G., RAMA, "Sensitive and descript 0 and @-y counting 
assemblies", Radioactive Dating and Methods of Low-Level Counting (Proc. Int. 
Symp. Monaco, 1967), IAEA, Vienna (1967) 615-626. 

[2] BHANDARI, N., BHAT, S.G., KRISHNASWAMI, S., LAL, D., A rapid 
beta-gamma coincidence technique for determination of natural radionuclides in marine 
deposits, Earth Planet. Sci. Lett. 11 (1971) 121-126. 

[3] PAPERIELLO, C.S., MATUSZEK, J.K., 13-y coincidence system for environ
mental 1-131, IEEE Trans. Nucl. Sci. NS-22 (1975) 642-644. 

[4] McCURDY, D.E., MELLOR, R.A., LAMBDIN, R.W., McLAIN, M.E., Jr., The 
use of cuprous iodide as a precipitation matrix in the radiochemical determination of 
1-131 in milk, Health Phys. 38 (1980) 203-213. 

[5] HESS, C.T., MICHEL, J., HORTON, T.R., PRICHARD, H.M., CONIGLIO, W.A., 
The occurrence of radioactivity in public water supplies in the United States, Health 
Phys. 48 5 (1985) 553-586. 

[6] McCURDY, D.E., MELLOR, R.A., "An alternative technique for the determination 
of Ra-226 and Ra-228 in drinking water", Proc. 24th Annual Mtg of the Health Physics 
Society, Philadelphia, 1979, CONF-790728, National Technical Information Service, 
Springfield, VA (1979). 

1 1 dis/min = 1/60 Bq. 



CHAPTER 3-7 227 

[7] McCURDY, D.E., MELLOR, R.A., The concentration of Ra-226 and Ra-228 in 
domestic and imported bottled waters, Health Phys. 40 (1981) 250-253. 

[8] McCURDY, D.E., MELLOR, R.A., Determination of radium-224, -226 and -228 by 
coincidence spectrometry, Anal. Chem. S3 (1981) 2212-2216. 

[9] LOWE, D.M., KENNETT, T.J., PRESTWICH, W.V., TSAI, J.S., An a-y coinci
dence technique for measuring Ra-226 concentrations in water, J. Radioanal. Chem. 
78 2 (1983) 359-366. 

[10] NOYCE, J.R., Evaluation of Methods for the Assay of Ra-228 in Water, Rep. NBS-
TN-1137, United States National Bureau of Standards, Washington, DC (1981). 





Chapter 3-8 

Methods for measuring radium isotopes: 
TRACK DETECTION 

G. SOMOGYIf 

Institute of Nuclear Research, 
Debrecen, Hungary 

1. INTRODUCTION 

Most of the measurements related to highly ionizing nuclei and based on the 
use of solid state track recorders may be considered as being well established. This 
type of nuclear detector provides several advantages in wide ranging fields of appli
cation , which may be attributed in part to its simplicity in handling and processing 
and its insensitivity to beta and gamma rays. In addition to this attractive feature, 
the wide range of its sensitivity is receiving great attention. Certain plastics are sensi
tive enough to permit the visualization of the tracks of alpha particles emerging from 
both natural and man-made alpha emitting sources, making them suitable as well for 
either direct or indirect measurements of radium isotopes. In the following sections 
the reader will be introduced to the main principles and possible methods of such 
measurements, with special emphasis on recent developments in this field. It should 
be stressed, however, that up to now very few papers have been published on this 
topic and further studies are required to reveal the details of such applications. 
Therefore, the author's present survey should be considered as a first, incomplete 
attempt in this direction. 

In natural and man-made samples, radium occurs either in equilibrium or 
disequilibrium with radioactive decay series. In most of the routine studies it is 
convenient to apply the track method either to complete radioactive equilibrium or 
to complete disequilibrium. In both cases the technique of etch-track detectors is 
applicable. For doubtful 'transition cases', one should apply additional nuclear or 
radiochemical methods to justify the assumed pattern of radio-equilibrium. 

Another problem which should also be considered is the medium of occurrence 
of radium. It is obvious that the method of monitoring alpha activity depends on 
whether the sample is solid, liquid or gas. Most solid state nuclear track detectors 
are relatively insensitive to environmental effects during exposure, but their registra
tion efficiency may vary considerably with the phase and thickness of the sample and 
with the geometry of measurement. In the following, these aspects will also be 
discussed. 

f Deceased. 
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2. TRACK PROCESSING 

Ionizing nuclear particles can create latent tracks in the form of narrow cylin
drical regions of intense radiation damage in most insulating solids. To the author's 
knowledge such tracks may be revealed by four fundamental methods: chemical 
etching [1], electrochemical etching [2, 3], track dyeing [4] and precipitation [5]. 
The quality of information gained from nuclear tracks depends on the track process
ing method applied. To make the latent tracks visible, countable and measurable 
under an optical microscope, the most general and developed method is 'preferential' 
chemical etching along the damage trails. As this method seems to be the most 
useful, efficient and economical for both direct and indirect radium measurements, 
it will be discussed in detail. In order to understand the proper use of the etch-track 
method in radium measurements, one should be aware of the main rules governing 
the growth of etch pits of alpha particles entering the plastic track recorders, the 
essential steps of track etching procedures and the registration characteristics of 
those plastics most useful for alpha activity measurements. In the following sections 
an attempt is made to summarize mis essential information. 

2.1. Etch-track formation in plastics 

At present the main principles describing the development of etch-tracks in 
plastic track detectors are well known. Using the theory of etch-track evolution, one 
can calculate all of the important parameters and trends of track growth during the 
etching process [6]. For example, one can predict the length, minor and major axes, 
contour and profile of etch pits at arbitrary angles of incidence for any nuclear 
particle in a given plastic track detector as a function of the duration of etching. To 
accomplish such a task, the variation in the 'etch rate' ratio, V — VTIVB, along the 
damage trail must be known, the calculation of which is an empirical question. Here 
VT represents the rate of preferential chemical etching along the central track region 
and VB measures the dissolution rate of the undamaged bulk material of the detector 
attacked by the chemical etchant. 

Considering only the problem of alpha track detection, one can use simple 
mathematical formulas to describe the etch rate ratio (V) versus residual range (/?) 
curves, which indicate the etching sensitivity of plastics to nuclear particles. For 
plastic track detectors suitable for natural alpha activity measurements, one may 
apply the relations 

V = 1 4- exp(-AR + B) 
or 

V = AR-B 
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FIG. I. Illustration of the development of track contour and profile during the etching 
process for 226Ra alpha particles entering the surface of a CR-39 type track detector 
(4.78 MeValpha; V = U.6Rr°-464) at two different angles. The curves are calculated from 
the theory of etch-track formation [6] using the indicated empirically determined sensitivity 
function, V(R). Here, and in all of the figures shown in this chapter the range (R) is measured 
in /xm. 

for practical calculations, where A and B are fitting parameters. The first form is 
proposed for cellulose nitrate (e.g. LR-115 and CN-85 detectors produced by Kodak-
Pathe in France) and polycarbonate sheets (e.g. Makrofol-E, a Bayer AG product). 
The second equation is applicable to CR-39 sheets (e.g. the Pershore, United 
Kingdom, and the MA-ND, Hungary, track detectors). 

To illustrate the typical phases of etch-track evolution and the practical 
problems in recognizing etched track pits, we have calculated the track profiles and 
contours characteristic of 4.78 MeV alphas emerging from 226Ra and entering the 
surface of the most sensitive track detector currently known, CR-39, at two different 
angles. Figure 1 shows the growth of the etch pit contour and profile at different 
stages of the etching process. 

One can see from Fig. 1 that the users of alpha sensitive plastics may come 
across complex geometrical forms of the tracks depending on the etching duration. 
In general, one can differentiate between the 'incubation', 'cone', 'transition' and 
'sphere' phases of track evolution. The knowledge of the dependence of the 'incuba
tion time' of tracks, tt (or the equivalent quantity hc = VBth called critical layer 
thickness removal) on the particle parameters is of great practical importance as one 
can obtain visible tracks only after using etching times longer than 

h = hc/VB 
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angle of incidence 

FIG. 2. Illustration of the theoretically expected variation in the removal of the critical layer 
thickness, hc = V^t, on the incident angle and energy of alpha particles in a CR-39 type 
track detector (V = 11.6R~0464), where tt indicates the incubation time of tracks prior to their 
appearance in etch pit form during etching. 

(MeV) 

FIG. 3. Curves calculated from etch-track kinetics to illustrate the dependence of track size 
on the range (and energy) of alpha particles in a CR-39 type track detector (0 = 90"; 
V = 11.6R'0464) at different etching periods. The curves show that in a highly sensitive 
detector such as the CR-39, the track size is fairly insensitive to the variation in particle 
energy. 
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FIG. 4. Curves calculated from etch-track kinetics to illustrate the dependence of track size 
on the range (and energy) of alpha particles in a PC type track detector (6 = 90°; 
V = 1 + e(-°-22R+0-45>j at different etching periods. The curves show that in a low sensi
tivity track detector such as the PC, the track size is very sensitive to the variation in particle 
energy. 

The actual value of hc can be calculated from the solution of the equation 

V(R) sin 6 = 1 

after substituting the quantity 

R = fl0 - (hc/sin$) 

where R0 is the 'starting range' of a nuclear particle of energy E0 entering the track 
detector at angle 6 to its surface. In Fig. 2, the hc (0, E0) curves calculated for 
alphas registered in a CR-39 type nuclear track detector are demonstrated. The delay 
in etch pit appearance at given incident angles is a remarkable property, as indicated 
by these curves. At exposures with broad angle alpha beams, one meets a 'track 
cut-off effect which reduces the registration efficiency. With increasing etching time 
the 'cut-off angle' (measured to the detector surface) decreases and one can obtain 
higher efficiency. This special behaviour of plastic track recorders should be taken 
into consideration in practice and an efficiency calibration has to be carried out as 
a function of the duration of etching. 
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TABLE I. CHARACTERISTICS OF SOME PLASTIC TRACK RECORDERS FOR USE IN ALPHA ACTIVITY 
MEASUREMENTS 

Material composition Trade name 
• • / 3v Short name , ., ,.,. as 

(density in g/cm ) (availability ) 
Etchant proposed for a tracks 

(fitnJh) 

Polycarbonate 
C16H14O3 

(1.2) 

Cellulose nitrate . 
C6H808N2 

(1.52) 

Allyl diglycol carbonate 
C12H1807 

(1.31) 

PC 

. CN 

CR-39 

—Makrofol-E 
(Bayer AG, 
Federal Republic of Germany) 

-CN-85 
-LR-115TypeII 
(Kodak-Pathe, France) 

-CR-39 
(Pershore Moulding Ltd, UK) 

-MA-ND 
(MOM, Hungary) 

—Tastrak 
(Bristol University, UK) 

—PEW solution 
(15gKOH + 40 g C2H5 

—10 wt% NaOH, 60°C 
—Same, 60°C 

- 2 0 wt% NaOH, 70°C 

—Same, 70 °C 

-Same, 75 °C 

•15 

-3.2 
-2.5-4.5 

-1.2-1.4 

-1.23 

-2.0 

W3 

O I 
O 
xi 

' All of these sheets, except Makrofol-E, are manufactured as track detectors. 
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Before carrying out a measurement it is also advisable to calculate the expected 
track sizes as a function of the etching time t (or the layer thickness removal, 
h - VBt) by using the theory of track-etch kinetics [6]. To select the proper etching 
time for a wider alpha energy spectrum, it is useful to calculate the track diameter 
at a normal angle of incidence as a function of the range (or energy) of alphas at fixed 
layer thickness removals. The results of such a calculation are shown in Figs 3 
and 4 for the most and least sensitive detectors (CR-39 and PC) among plastics 
available for alpha activity measurements. 

2.2. Detector materials and etching procedures for alpha tracks 

The damage trails of heavier ionizing nuclei can be easily etched out and made 
visible under an optical microscope in a variety of insulating solids (minerals, glass, 
plastics). The latent tracks of the lightly ionizing alpha particles, however, are 
etchable only in certain organic polymers and only a few of them are of practical 
importance. In this chapter the discussion will be restricted to a brief description of 
the main characteristics of those detector materials and etching procedures which 
at present may be considered as being the most advantageous for alpha track 
registration. For alternatives and details, reference is made to more comprehensive 
treatments of the subject [1, 7, 8]. 

At present, one may consider the polymers PC, CN and CR-39 as the most 
frequently used alpha particle sensitive track detectors. Some of their characteristics 
are summarized in Table I. Recently, several new thermosetting resins were found 
which seem to have good optical properties and track etching behaviour [9]. Because 
of their capability to register nuclear tracks at different levels of sensitivity, one may 
expect the development of a more 'extended' family of polymers for alpha activity 
measurements. 

Although some useful guidelines exist in the literature, the optimum condition 
for track etching has to be determined mostly empirically for each track detector 
material. The etchants given in Table I for typical alpha particle sensitive plastics 
may prove to be useful in most of the usual track measurements. By using these solu
tions for track revelation, one can obtain the highest possible registration sensitivity 
and track contrast in the respective detectors. The optimum time of track etching 
depends on the aim of measurement, the energy spectrum of alpha particles and the 
method of track counting and evaluation. For a first estimation of the optimum 
etching time the following rough rule may be useful. The track diameter of alphas 
entering the plastic at a right angle is nearly the same, or less, than the layer thickness 
(h = VBi) removed from the single surface of a detector during etching time t (see 
Figs 3 and 4). 

In order to reveal the alpha tracks, the exposed detectors have to be immersed 
in an etching solution kept at a given temperature with an accuracy of about ±0.1 °C. 
An increase in both the temperature and concentration of the etchant can speed up 
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FIG. 5. Dependence of the bulk etch rate of typical alpha particle sensitive plastics on the 
temperature of track etching solutions indicated in Table I. 
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and on the alcohol/water ratio in the PEW etchant (15gKOH + XgH20+ (85-x)gC2HsOH) 
used for PC. 
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considerably chemical attack on the bulk of the detector material. This is illustrated 
in Figs 5 and 6 for PC, CN and CR-39 track detectors when using the etchants given 
in Table I. 

The bulk etch rate of plastics is an exponential function of the inverse tempera
ture of the etchant, 1/T(°K), and generally a power function of the etchant concen
tration, c (mol/dmJ), according to the relation 

VB = fc" exp(-E/kT) (1) 

where/and n are the fitting parameters, k is the Boltzmann constant and E is the 
activation energy for etching [10]. As a practical rule, it can be assumed that a 
change of 10 °C in the etching temperature changes VB by a factor of 2 for PC and 
CR-39 and 2.5 for CN. Using a NaOH solution in the 1-10M range, the concentra
tion dependence of VB can be well approximated by Eq. (1) using the exponents 
n = 3/2 for CR-39 and n = 2 for PC detectors. From this point of view, the 
CN sheets show unusual behaviour: their bulk etch rate is only slightly affected by 
the etchant concentration, as seen in Fig. 6 [11-13]. Certain investigations have 
shown that factors such as stirring of the etchant, intermittent etching, or revolution 
of the CN sheet in the etchant can modify this tendency [11, 14]. To avoid tempera
ture and concentration gradients, controlled slow movement of the detector sheets 
in the etchant is recommended, but simultaneously careful control of a possible 
change in VB is necessary. This procedure is described in Ref. [14]. 

During the etching period the quantity h = VBt should be kept constant to 
ensure reproducible registration efficiency. This requirement can be easily met by 
exposing a small area of the track detector to fission fragments from a 252Cf source. 
After etching, the thickness of the layer removed from the detector surface can be 
derived from the formula 

h = df (90°)/2 

where df (90°) is the diameter of etched fission tracks at normal incidence. 
The variation in the etch rate ratio 

V(R) = VT(R)/VB 

describing the etching sensitivity of PC, CN and CR-39 sheets to alpha tracks as a 
function of the etching parameters is a complex and not completely understood 
phenomenon [10, 12, 15-19]. 

When using a PEW solution (see Table I), the only suitable etchant for alpha 
tracks in PC, care should be taken to avoid causing brittleness of the sheet during 
etching. This can be avoided if the detector is not subjected to mechanical strain or 
deformation in the etchant (i.e. if the etching is not carried out in vessels that are 
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smaller as compared with the size of the detector). The latent nuclear tracks in 
PC sheets are also very stable with regard to environmental effects, e.g. humidity 
and temperature [20]. However, ultraviolet (UV) light (e.g. solar UV) may increase 
the etching sensitivity for the tracks of heavier nuclei, but not for alpha particles. 

In the case of LR-115 film, which consists of an approximately 12-13 ftm thin 
red-dyed cellulose nitrate layer on a 100 ixm transparent polyester support, direct 
exposure to the UV component of solar light should be avoided. The UV light can 
deteriorate the dyestuff as a result of which the bulk etch rate may increase consider
ably. After a proper length of etching time (usually 2-3 h when using the etchant 
given in Table I), most of the alpha tracks registered in LR-115 appear in the form 
of bright holes etched completely through the sensitive layer. The brightness of the 
track holes is improved if, immediately after etching, the detector is immersed for 
a few minutes in about a 5% solution of ethanol in water to remove the colloidal etch 
product layer formed on the surface and, in addition, the film is cleaned in water 
under ultrasonic agitation. Other useful advice to overcome smaller or greater 
disturbing effects in LR-115 type films is reported by Fantini and Renard [21]. It 
should also be noted that a special strippable version of the LR-115 film is manufac
tured and in this the etched through tracks can be automatically counted under special 
conditions by the 'jumping spark' technique [22] even after exposures to alpha 
particles [14]. 

Considerable efforts have been devoted to producing high sensitivity track 
detectors, such as the CR-39, with isotropic and uniform responses in different 
laboratories (see Table I). In certain cases, however, a decrease in the registration 
sensitivity also proves to be very useful. It has been shown that this goal can be 
achieved by adding certain organic solvents to alkaline etchants [10, 17]. With 
certain alcohol and aqueous hydroxide mixtures, one can desensitize the CR-39 
sheets. For example, in a mixture of 60 cm3 6.25M NaOH and 40 cm3 of pure 
methanol at 70°C, the response to alphas can be completely 'switched off and at 
the same time the bulk etch rate can be increased considerably (by one order or even 
more). One may utilize this effect to remove quickly larger surface layer thicknesses 
(around 100 (t.m) prior to the use of a CR-39 sheet in low level alpha activity 
measurements. Such a pre-etch treatment almost completely eliminates the back
ground tracks originating from the environmental radon diffusing into the plastic 
sheet and exposing it during the storage period. 

2.3. Track counting and its automation 

As the chemically etched nuclear tracks may usually have dimensions of 
several micrometres, the classical manual counting method requires the use of an 
optical microscope at a magnification of about 200-1000. Since the discovery of the 
etch-track method, great efforts have been made to make the generally time consum
ing manual track counting procedure much faster and easier. Most of the track 
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evaluation methods take advantage of the fact that the etched tracks are always 
conical channels or pits of characteristic length in a transparent dielectric sheet or 
foil. The procedures developed for measuring, analysing and counting nuclear tracks 
in polymers more quickly than by manual microscopic scanning have been reviewed 
in several papers [22-25]. 

One of the most frequently used procedures is the use of the jumping spark 
counter, which permits both the location and automatic counting of etch-through 
tracks in thin dielectric foils [22, 26]. The jumping spark method has achieved 
considerable success as it is fast, efficient and requires relatively cheap and simple 
equipment. This method has already been extensively used for the automatic count
ing of fission fragment tracks in 6-12 /xm thin plastic track detectors. An adaptation 
of this procedure to alpha particles involves certain difficulties owing to the short 
etchable track length in almost all of the alpha sensitive polymers. The problems, 
however, may be satisfactorily resolved by using 13 [im thick, strippable LR-115 
cellulose nitrate films from Kodak-Pathe and carefully controlled track etching 
conditions [14]. A severe limitation of the use of the jumping spark counter, 
however, in both fission and alpha track counting is that it can be applied only to 
low track densities of less than about 5000 tracks/cm2. 

Present-day minicomputers and microprocessors permit the development of 
computer controlled image analysing systems for track evaluation problems [24]. 
Such automated methods provide substantial advances in both speed, effectiveness 
and accuracy, but they are rather complex and expensive. 

3. TRACK METHODS FOR RADIUM MEASUREMENTS 

3.1. General considerations 

It should be emphasized first that, to the author's knowledge, published data 
on the use of alpha particle sensitive solid state nuclear track detectors for direct 
radium measurements are very few in the scientific literature [27, 28]. There are, 
however, sufficient data reported on the measurement of uranium (the parent nuclide 
of the uranium-radium decay series) and on that of radon (the decay product of 
radium) by using etch-track detectors. The techniques developed for these in princi
ple can also be used for radium analysis. The usual aim in applying track techniques 
to such tasks is to measure uranium concentrations in dating or related geological 
problems [1] and to carry out time integrated radon exposures under different 
environmental conditions, e.g. in soil and natural water for uranium prospecting and 
radon transport studies [14, 29-34] and in dwellings and mines, as well as in waste 
and construction materials for the estimation of health hazards [35-40]. 

One method of radium analysis is based on the mapping of alpha decaying 
elements in the complete uranium-radium series by alpha autoradiography, or on the 
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Material 

S i0 2 (quartz) 

Sample 

Na 2 O.Ca0.6Si0 2 

Biotite mica 

U 3 0 8 

T h 0 2 

U (metal) 

parameters 

Density 

7S 

(g/cm3) 

2.65 

2.5 

3.2 

8.3 

9.7 

18.7 

E*S,-7S 

for U series 

(kg/m2) 

0.461 

0.472 

0.550 

1.37 

1.43 

1.54 

Equil. 

U-238 series 

368 

376 

437 

1090 

1133 

1225 

Equil. 

Track registration sensitivity 

Alpha active radionuclides 

Th-232 series 

109 

112 

129 

324 

337 

365 

Only 

U-238 + U-234 

nuclei3 

68.1 

70.1 

81.5 

203 

211 

228 

in the sample 

Only 

Th-232 nuclei 

9.4 

9.7 

11.2 

28.1 

29.2 

31.6 

Only 

Ra-226 nuclei3 

1.12 X 108 

1.15 x 10* 

1.34 x 108 

3.35 x 108 

3.49 x 108 

3.77 x 108 

SO
M

O
C

 

JS 

1 1 ppm Ra-226 = 3.7 X 
1 ppm 

Ka-zzo = i.i x 107 Bq/kg; 
U-238 = 12.3 Bq/kg. 
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measurement of only the uranium itself by fissionography based on the 
U(n,f) process when the radioactive equilibrium in the sample is established. These 
approaches will be referred to as the uranium-alpha and uranium-fission methods 
of radium analysis. 

The direct goal in the recent literature published on radon measurements using 
some kind of track method is not the determination of the radium content itself, from 
which the radon arises, but a quantitative, or often only a qualitative, estimation of 
the radon exhalation (emanation) from various media. However, a radium analysis 
using these track methods is feasible if the radioactive equilibrium between the radon 
and radium is established and the boundary conditions of the measurements are 
clearly determined (e.g. the localization of the occurrence of radium producing the 
measured radon). This indirect method of radium measurement via alpha decay of 
its first daughter element is hereafter referred to as the radon-alpha method of 
radium analysis. In all of the practical applications of this method one should take 
into account that an effective radioactive equilibrium (about 98%) for the radium-
radon members of the decay series is reached in about three weeks, as the 1620 a 
half-life of 226Ra can be considered infinite when compared with the 3.8 d half-life 
of 222Rn. It should be noted that a direct radium measurement analysing alpha 
tracks originating from the radium itself, which is separated from its parent nuclides, 
also seems possible. This is called the radium-alpha method of radium analysis. 

Finally, we consider the estimation of the possible contribution of the members 
of the 232Th decay series to the above mentioned measurements. This question, 
unfortunately, has received little attention in the literature, compared with the large 
number of studies on 238U and its decay products. The thorium in natural samples 
is usually more abundant than uranium by a factor of about 4. This applies to the 
weight of thorium and uranium in samples, but not to the alpha activity, which is 
about the same owing to the different half-lives of 238U and 232Th (see Table II). 
The determination of the thorium content in a sample using track techniques is more 
difficult than that for the uranium itself. To solve this problem it is generally 
necessary to use double irradiation techniques, e.g. fissionography induced by both 
thermal and fast neutrons (or high energy charged particles). A useful survey of the 
methodological possibilities and problems concerning this question can be found in 
Refs [1, 41]. In addition, in the following we will touch only on two questions: the 
response of plastic track detectors to the alphas of an equilibrium 232Th series and 
elimination of the thoron effect [42]. 

3.2. The uranium-alpha method 

Radium, along with uranium and thorium, is found in natural materials (rock, 
soil, water, air, plants, etc.) and man-made products (construction materials, indus
trial wastes, etc.) at very different levels of activity [43]. The lowest limit of its 
detectability is obviously determined by the background 'noise' and registration 
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sample 

FIG. 7. Schematic illustration of the geometry of the measuring arrangement for alpha-track 
and fission track autoradiography. In order to obtain good spatial resolution, a close contact 
(La = 0) and measuring average concentration an air gap or other absorber (LJO) must be 
used between the sample and detector (Ra = alpha range in absorber; Rs = alpha range in 
sample). 

sensitivity of the method used. The actual value of both factors depends greatly on 
the type of nuclear track detector and its storage and pretreatment conditions. The 
lowest background track density (a few alpha tracks/cm2) can be achieved by a 
fresh CR-39 detector removing an approximately 100 /xm thick layer from its surface 
in a pre-etching process using alcohol/aqueous hydroxide etchants [10, 44]. Without 
any pretreatment, 50-100 alpha tracks/cm2 are generally found, even in new CR-39 
sheets, and somewhat less than 50 etched-through track holes/cm2 in LR-115 films 
etched to a 5-6 p.m residual thickness (which is optimum for alpha activity 
measurements). 

In the majority of natural materials the alpha activity can reach an equilibrium 
concentration. Sometimes, however, certain elements may be selectively taken up by 
materials of biological origin (root, grass, soil organisms, algae, fish, bone, etc.) 
or by natural water in a dissolution process. In radioactive equilibrium the alpha 
decaying 238U gives rise to seven additional alpha emitting descendents, among 
them the 226Ra isotope. (In the case of alpha active 232Th, six subsequent alpha 
emitting daughters appear in the decay series.) If radioactive equilibrium is 
established in the series, one may apply the method of alpha track analysis for the 
estimation of the steady state activity concentration of radium. 

A schematic illustration of the possible general geometrical arrangement of the 
above track measurement is shown in Fig. 7. The registration sensitivity (defined by 
the track density obtained for unit alpha activity concentration during unit exposure 
time) in this case obviously depends on the quantities Ls and La, indicated in Fig. 7, 
i.e. on the thickness of the sample to be measured and on the absorber (usually air 
gap) used, respectively. For a quantitative evaluation of this task, it is expedient to 
discuss separately the cases where La = 0 (geometry of 'contact autoradiography') 
and La ^ 0 (the case of 'average alpha activity measurement'). 
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If the track detector and sample are in close contact during an exposure time, 
T, the registration sensitivity of the method (5 = pICT) can be derived from the 
relationships 

Sx = (4/2X1 - sin0c), if 0 < LS < Rssmdc (2) 

52 = (Rs/4)(cos26c - (1 - (Ls/Rs))
2), ifRssinOc < L, < Rs (3) 

53 = (Rs/4)cos26c, ifRs <LS (4) 

where p is the track density measured for a given alpha decaying radionuclide occur
ring with C activity concentration in the sample and 6C is the 'critical (limit) angle' 
for track registration. The frequent practical situations related to 'thin' and 'thick' 
samples are obviously represented by Eqs (2) and (4), respectively. 

Another experimental geometry, when a 'thick' sample covered with an 
absorber of finite thickness (La < Ra) is used also frequently occurs in practice. 
For this case, a sensitivity calculation leads to the following equations: 

531 = (Rs/4)cos26c - (LaRsl2Ra){\ - sin0c), if 0 < La < ^,sin0 c (5) 

532 = (*,/4)(l - (IJRa))2, iiRasm6c < La < Ra (6) 

533 = 0, if*, < La (7) 

As concerns the use of Eqs (2)-(7), it is useful to know that for alpha particles 
of E0 (MeV) energy the range in normal air can be well approximated by the 
empirical formula 

R0 (cm) = 0.322£lP (8) 

and in any solids by Bragg-Kleeman's rule: 

Rsys (g/cm2) = ROJOS/AJAO = 3.2 X l O ^ ^ V I , (9) 

where 70 and 7* indicate the densities expressed in g/cm3 and A0 and As the average 
atomic weights for air and the respective solid. For a material having Xn Ym chemi
cal composition and M molecular weight, As can be calculated from the relation 

M\fAs = nAx\lA~x + mAfjA^ (10) 

Now, in order to obtain a formula for analysing radium with the uranium-
alpha method, one should take into account that in radioactive equilibrium the 
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activity concentrations, Cj (Bq/cm3) = Nj (atoms/cm3)X;, are equal for each radio
nuclide in the uranium-radium series. That is, 

Cv = ...CJ = ...CRa = ...CPo (11) 

where Q denotes the activity of the j type of radionuclide in unit volume of the 
sample. The track detector will obviously register the sum of tracks originating from 
every alpha active nuclide. Therefore, when using a thick sample and contact 
autoradiography for an exposure time T, we have, from Eq. (4), 

P = r £ QS,= rcR a£ s, (12) 

Hence, after determining the alpha track density, /0CR, by CR-39, the activity 
concentration of radium (in Bq/kg) can be derived from the equation 

C^ (Bq/kg) = 4/oCR(7cos20c £ R^y (13) 

where PCR, T and E/?S;YS are expressed in alpha tracks/cm2, seconds and kg/cm2, 
respectively. The radionuclide mass corresponding to the activity in unit mass of the 
sample can be calculated from 

m^ (kg Ra/kg sample) = C R ^ R ^ X R , ) - 1 = 1.7 X l(r17CRaT1/2 (14) 

where T1/2 is the half-life of radium in years, ARa is its atomic mass, CRa is the 
activity concentration of radium in Bq/kg and nA is Avogadro's number. 

By means of relationships (2)-(7), one can calculate the registration sensitivity 
of several track methods used for element concentration measurements. In Table II, 
the results of some sensitivity calculations are given for alphas originating from the 
equilibrium 238U and 232Th series and from non-equilibrium uranium, 232Th and 
226Ra isotopes occurring in various thick solid samples covered in close contact 
with an 'ideal' track detector (i.e. when dc = 0°). These data show the maximum 
alpha track density expected from 1 ppm of parent nuclide in the sample. 

When using CR-39 sheets the sensitivity data given in Table II should be 
multiplied by the factor cos20e (see Eq. (4)). The actual value of dc, unfortunately, 
depends on the alpha energy and the etching time used (see Fig. 2 for CR-39). 
However, it cannot cause a large error if we introduce an average critical angle 
around 6C (CR-39) = 15° for all of the alpha active nuclides in the 238U series 
(between 4.18 and 7.86 MeV). This assumption is quite satisfactory when an 
approximately 10 fim thick layer is etched away from the surface of a CR-39 sheet 
to reveal the alpha tracks (see Fig. 2). 
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angle of incidence 

FIG. 8. Calculated curves showing the variation in the residual thickness of an LR-115 foil 
(13 urn; V = 1 + e (-0.205R+3) ) at the moment of perforation of the red coloured sensitive 
layer through the etched track holes as a function of the incident angle and energy of alphas. 

For LR-115 foil, the situation is more complex. The residual thickness of an 
etched foil corresponding to the track hole appearance at different alpha energies is 
shown in Fig. 8. From this it is obvious that an 'energy window' exists in which one 
can only observe track holes. This is between about 1.9 and 4.2 MeV when the 
optimum residual thickness (5-6 fim) of LR-115 foil is used. In this case the accep
tance of the value of 

0C(LR-115) = 40° ±5° 

as an average critical angle for track hole observation is advisable. In addition, 
we should note that, owing to the existence of the energy window, the form of 
Eqs (2)-(7) must be modified for LR-115 foil. For example, in the case of a thick 
sample, instead of Eq. (4), the relation 

S3 = —(Rs« ~ Rsl)cos26c = — ARscos2ec 
4 4 

(15) 

has to be used, where Rsu (4.2 MeV) and Rsl (1.9 MeV) are the alpha ranges in the 
sample, corresponding to the energies at the upper and lower ends, respectively, of 
the energy window. 

Using the alpha track method considered above, one can evaluate very low 
level alpha contaminated environmental, industrial and biological samples and waste 
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materials in nuclear and other industries, where the experimental difficulties with 
using other methods are great. Although neutron activation analysis generally has 
higher sensitivity, many elements in the sample can interfere with the measurements. 
The method, based on alpha track detection, usually has lower accuracy, but its sim
plicity, low background and possibility of using long exposure times simultaneously 
for many samples in most cases compensate for the drawbacks. A quantitative analy
sis of the alpha activity in solids and liquids with the presented evaluation technique 
developed by the author can generally be carried out with an accuracy of 15-25%. 
A precise calibration (internal or external standard) method, however, can be 
adopted which may reduce the error limit. A comparison of the results obtained by 
the uranium-alpha method and neutron activation analysis by Uda and Iba [45] in 
a quantitative estimation of uranium in metals has shown less than 15% deviation for 
samples of up to 100 pp U content. These authors have also derived experimental 
relationships between the absorber thickness and the alpha track registration effi
ciency for thin surface sources. In addition, Fews and Henshaw [44] have proved 
that the track method using contact autoradiography can be successfully extended 
even to the evaluation of the energy spectrum of alpha emitting nuclides (including 
226Ra) in complex biological tissues [46]. The alpha track method also seems to be 
applicable to liquids if suitable sample preparation techniques are available. 
Appropriate sample collection and preparation procedures for uranium and radium 
in spring water and sediments have been reported recently by Mishra et al. [47]. 

3.3. The uranium-fission method 

The uranium determination method, based on fission track analysis, is well 
developed and known in the literature for samples made either from solids (see, for 
example, Refs [1, 41, 48-51]), or liquids (e.g. Refs [49, 52, 53]). In the great 
majority of old natural solid materials, the radionuclides in the uranium decay series 
are generally in radioactive equilibrium and therefore the activity concentrations of 
238U and 226Ra are equal. In this case the radium content in the sample can be 
obtained from the uranium concentration. Using appropriate nuclear track detectors, 
one may also reveal the spatial distribution of radionuclides even on a scale of several 
micrometres. 

In the following, only the problem of average uranium content determination 
in a homogeneous solid sample will be considered. In cases where non-uniform 
uranium distribution exists, one may remove the heterogeneities either by dissolving 
the sample or by crushing it into a fine powder. Another simple solution is the use 
of a suitable air gap between the sample and track detector during the fission 
fragment registration, as illustrated in Fig. 7 for alpha tracks. Relations (2)-(7) 
derived for the uranium-alpha method can also be applied to these procedures. The 
effect of 6C, however, can usually be ignored as the critical angle for fission track 
registration in plastics and mica is only a few degrees. 
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The simplest technique for determining uranium by the fission track method 
consists of placing a uranium-poor track detector (e.g. PC: Makrofol-E, Lexan or 
PET: Melinex-O, Hostaphan, Mylar) in contact with the sample to be studied and 
a calibrated standard of known uranium concentration (e.g. United States National 
Bureau of Standards glass wafers as prepared by Carpenter and Reimer [54]). After 
irradiating the sample detector standard package with a thermal neutron fluence 
producing a suitable fission track density (more than 1000 tracks/cm2), the detector 
should be etched (e.g. in 6M NaOH at 60°C for 1 h for the PC detector) and then 
scanned under randomly selected fields of view in an optical microscope at a 
magnification of about 500X. The concentration of uranium, C(U), in the sample and 
the equilibrium radium concentration, C(Ra), expressed in weight fractions, can be 
given by the simple relation: 

C,(U) = Q(Ra)(XRa/Xu) = C0(px/p0)(R0/Rx) (16) 

where p represents the density of neutron induced fission tracks, R is the average 
range of fission fragments in g/cm2, X is the alpha decay constant, and the 
subscripts x and 0 refer to the unknown and standard sample, respectively. We 
should note here that RQIRX is nearly at unity if the standard and unknown samples 
have similar elemental composition, but generally the fission fragment range 
increases with increasing atomic number. 

In the uranium measurements considered, special care must be taken to avoid 
using any materials for treating, cleaning and mounting procedures with disturbing 
fissionable contamination, and causing track fading by overheating the plastic track 
detector during neutron irradiation in a reactor. Typical uranium contents found in 
different chemical reagents are published by Matshuda et al. [48]. Ordinary 
deionized water and typical laboratory detergents (alcohol and acetone are satisfac
tory agents as their uranium content is generally less than 10"9 g U in 1 g of 
material). It is also useful to know that the glueing materials on the usual adhesive 
tapes may contain larger quantities of uranium: their use must therefore be avoided. 

3.4. The radon-alpha method 

For prediction of the level of radiation hazards originating from radium 
containing materials, the determination of the rate of radon exhalation is of prime 
importance. For this purpose, the simplest and most efficient method is to place the 
specimen to be measured in a cylindrically shaped plastic or metallic can and attach 
a piece of track detector to its inside bottom to register the alpha radiation from the 
radon entering the air volume of the can. This type of measuring method, called the 
'can technique' for short, was proposed by Alter and Price [29] for time integrated 
radon monitoring and since that time it has been used extensively in numerous 
investigations concerning uranium prospecting (Refs [1, 33], etc.), environmental 
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FIG. 9. Cross-sectional view of a can type arrangement for measuring radon exhalation from 
a radium containing sample by means of an alpha particle sensitive track detector. 

radon transport (Refs [31, 34], etc.), as well as radon and daughter dosimetry 
(Refs [35-38, 55], etc.). 

Some attempts have also been made to examine critically track-etch and other 
methods available for radon emanation measurements and to standardize the proce
dures in both field and laboratory measurements. In the papers dealing with these 
questions [37, 39, 56], the reader can find various comparisons among the most 
common methods of radon (and sometimes thoron) concentration measurements 
based on scintillation counters, ionization chambers, solid state alpha detectors, 
gamma spectrometers, as well as track-etch techniques. In addition, recommenda
tions concerning the use, degree of precision and evaluation of these methods have 
also been made. 

In our present survey only the principle of radon-alpha detection, with special 
emphasis on 'effective radium content' measurement is considered. However, with 
the 'sealed can technique' used for the above purpose, all of the important parameters 
of radon transport in solids (areal and mass exhalation rates, <(>A and <j>M; effective 
diffusion length, zd; porosity of sample, p) can be determined with reasonable 
accuracy [40]. A schematic drawing of the arrangement for measuring effective 
radium, i.e. radium in radioactive equilibrium with the measured radon released 
from the sample, is shown in Fig. 9. After closing the can, the activity concentration 
of radon starts to increase with the time, t, elapsed according to the relation 

CRn = CRa(l - e~^) (17) 
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where CRa is the effective radium content of the sample. This formula must be used 
when short term, successive measurements are carried out by, for example, an 
emanometer, ionization chamber and scintillation counter (see, for example, 
Ref. [57]). A plastic track detector, however, measures the time integral of Eq. (17), 
i.e. the total number of alpha disintegrations in unit volume of the can with 5 sensi
tivity during the exposure time T. Therefore, the track density is given by the 
equation 

5cRa7; = (r- X-RUI 
-XR„7X )) (18) 

where Te denotes, by definition, the effective exposure time. 
It is now necessary to find S, the sensitivity of the radon measuring method 

when using a cylindrical measuring device equipped with a plastic track-etch detec
tor. The actual value of S can be estimated from Eq. (4) for CR-39 and from Eq. (15) 
for an LR-115 detector if the length and diameter of the can are greater than the alpha 
ranges in the can air (i.e. in the radon containing 'sample'). At other can geometries, 
the calculation is more complex owing to the presence of alphas from 218Po and 
214Po plated-out on the can wall and detector surface. However, using a can of 
3.5 cm radius and 10 cm height, the registration sensitivity of the LR-115 film to 
radon alphas becomes practically independent of the concentration of the radon 
daughters, and thus also of the plate-out effect and the degree of radioactive 
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FIG. 10. Calibration curve measured for LR-115 (type-Il) foils (radon; 10% NaOH; 60°Q 
exposed to the same radon source and then etched to different residual thicknesses of the 
detector. 
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FIG. 11. Variation in the normalized areal and mass exhalation rates of radon in the can type 
measuring device shown in Fig. 9, as a junction of the thickness of the sample when using 
different can heights, h, i. e. air gaps between the sample and detector. The curves are calcu
lated at a porosity of p = 0.5. 

equilibrium [10]. In this case the value of 5 is influenced only by the residual detector 
thickness obtained after completing the track etching procedure, as illustrated in 
Fig. 10. Having etched the LR-115 film to the optimum 5 /itm residual thickness, a 
value of 5(LR) = (1/30) track holes/cm2 per day can be used for one Bq/m3 of 
radon in the can of 3.5 cm radius within about ±15% accuracy. For CR-39 this 
factor, assuming complete equilibrium, is about nine times higher than 5(LR), from 
which about one-third comes from the airborne radon and two-thirds arises from the 
plated-out polonium daughters. According to the author's experience using a com
pletely sealed can, the ratio 5(CR)/5(LR) = 6±20% is realized for solid specimens 
and the ratio is about 4-4.5 if a cup is inverted under water for radon measurements 
in the field. 

Finally, using the sealed can technique, the effective radium content of a solid 
sample, expressed in Bq/kg, can be obtained from the formula 

CRa = iplSTe){hAIM) (19) 

Here we should note the effect of can and sample dimensions on the radon (and effec
tive radium) determination. This question, in the author's opinion, has not been 
treated with the necessary care in the relevant literature. A reduction in the radon 
exhalation rate, owing to a phenomenon sometimes referred to as 'back diffusion' 
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can be expected if the sample is placed in a closed container. A theoretical analysis 
of this problem [40] has shown that the 'bound' areal exhalation of radon as a func
tion of the geometrical dimensions (L and h, see Fig. 9) of a cylindrical can and 
sample can be described by the relationships 

<>A = (<W*) tan h(L/zd) 
and 

* = 1 + (pzafh) tan h{L/zd) (20) 

where zd is the effective diffusion length of radon in a sample of porosity p and 4>Am 
is the maximum possible rate of radon exhalation from a thick sample (practically, 
if L > 2zd). The trend of this effect is illustrated in Fig. 11 at a porosity of 0.5. 
From Eq. (20) it is obvious that the ratio of a 'free' (if h — oo) and a 'bound' (if 
can volume < sample volume) areal exhalation rate of radon is determined by 

<t>A (free)/^ (bound) = pflpb = k (21) 

Therefore, in measurements using the sealed can technique, the appropriate formula 
involving the correction owing to the back diffusion of radon is: 

CRa (Bq/kg) = {PISTe){hA/M){\ + (pzdlh)tm h(L/zd) (22) 

To apply this formula in practice, the values of p and zd have to be known, which 
can also be determined by using the 'can technique' [40]. 

As a final point, it must be noted that the elimination of the thoron effect in 
effective radium measurements can be solved either by placing a thin, semiperme
able membrane between the sample and the sensitive volume of the can [42], or by 
increasing the length of the can up to about 30 cm to permit the decay of the short 
half-life (56 s) thoron along its diffusion path [55]. 

3.5. The radium-alpha method 

Most of the current techniques for direct radium measurements involve a 
separation of radium from the major sample constituents by ion exchange or 
co-precipitation with barium or lead sulphate. If the radium can be well separated 
from other elements and it can come to equilibrium with its daughters, the sample 
can be analysed by the alpha track method. In this case the 226Ra itself and the 
222Rn, 218Po and 214Po isotopes contribute to the total alpha track density observed. 
The effect from the last alpha emitter, 210Po, in the decay series can be ignored as 
it originates after the decay of long lived 210Pb (T1/2 = 22 a). 

We should note that the sample preparation technique suitable for barium is 
generally also applicable to radium. A typical method is the co-precipitation of the 
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usually trace quantities of radium with a BaS04 carrier. The radon in the freshly 
prepared sample is allowed to come to equilibrium in about three weeks; an alpha 
autoradiogram is then taken with an alpha sensitive plastic track detector in contact 
with the sample. For quantitative measurements, a standard reference sample or the 
knowledge of the registration sensitivity of the detector for radium and its alpha 
active daughters is required. The latter quantity may be estimated from Eqs (2) and 
(12). However, it should be taken into account that in certain cases, when using 
thinly deposited radium sources, not all of the newly generated 222Rn atoms are 
retained on the source surface. According to Hashimoto et al. [58], if the 226Ra 
containing sample is prepared by an electroplating procedure from isopropanol solu
tion on stainless steel or platinum plates, about 50% or 15%, respectively, of the 
equilibrium 222Rn activity is retained on the samples. 

Another simple technique for preparing radium sources for measuring low 
activities (< 100 Bq/m3) extracted for large volumes of natural water is reported by 
Bland [59]. He prepared discs of commercial nylon and cellulose impregnated with 
hot, saturated KMn04 solution. The radium dissolved in the water is adsorbed by 
such discs simply by leaving them for several hours in the natural water. 

4. CONCLUSIONS 

Because of the increased worldwide interest in environmental radiation 
surveys, several useful methods have been developed for alpha activity measure
ments based on the use of different solid state nuclear track detectors. Some of these 
methods can also be successfully applied to direct or indirect measurements of the 
activity concentrations of radium. The basic purpose of this review has been to 
present a basic outline of current methodology in this field. 

Although there is a large amount of literature on alpha particle registration with 
polymeric track detectors, relatively little information exists on such special 
radioanalytical uses as for radium determination. Therefore, the present work can 
be considered as a first attempt to survey the subject and its related problems (detec^ 
tors, track formation and etching procedures and track counting). It is hoped that 
it may stimulate further research into ways of improving the use of the etch-track 
method for radium analysis. 
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1. INTRODUCTION 

In many cases the proper selection and preservation of samples is as important 
as the analytical quantification in producing accurate, representative results. In 
taking samples from the environment for analysis we are normally limited to collect
ing a small fraction of the system to be characterized. If the result of the subsequent 
analysis is to reflect the average concentration of a constituent in this system, the 
sample, or samples, must be chosen with great care. Additionally, the collected 
sample must be handled in such a way as to preserve the original concentration and, 
if applicable, speciation of the analyte(s) to be measured. When undertaking a study 
of a system, a knowledge of its previous history may be essential. For example, a 
tailings pile produced from mining operations could be the result of different extrac
tion processes (i.e. a mine originally used to produce radium and subsequently 
switched to uranium recovery). Also, changes in ore composition throughout the 
course of an operation will produce equivalent changes in the tailings. When these 
types of variation are known to have occurred, a carefully designed sampling 
programme will be required to map this spatial heterogeneity. 

The pre-operational assessment of a site requires that an initial group of 
samples and sample types be analysed to establish the variability of the system. The 
results from this preliminary overview can then be used to design an effective and 
efficient sampling programme. Statistical evaluation of this data often results in the 
requirement for fewer samples than would be arrived at by intuitive reasoning. 
During this pre-operational survey, extra samples should be collected and archived 
so that baseline levels of constituents not anticipated initially may be examined after 
operations are under way. These samples can also be used to check the validity of 
suspect background values. 

Another important consideration is to collect samples as close to the point of 
release as possible. These samples will have the highest concentration of the 
contaminants being monitored, which can greatly improve the reliability of results 
near the detection limit. 
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Preservation of collected samples for radium isotope analysis is relatively 
simple. Acidification of water samples, placing soil and sediments in sealed 
containers, drying of vegetation and freezing of biological samples are sufficient in 
the majority of cases. 

The selection of the analytical procedure will depend on some of the following 
factors: 

— The counting equipment available, 
— The throughput of samples required, 
— The sensitivity (detection limit) required, 
— The type of sample to be analysed. 

In most cases, the sample type and the analytical method selected will determine the 
sample preparation requirements. These considerations will be discussed in the 
following sections. 

2. SAMPLE COLLECTION 

2.1. Selection of samples 

Selecting samples for radium isotope analysis will normally be done to provide 
quantitative measurements for research studies, monitoring of mine-mill operations, 
investigation of contaminated sites (tailings piles, waste deposit sites, manufacturing 
facilities employing radium, etc.) and general environmental assessment. In 
controlled laboratory and pilot plant studies the samples or sampling points will be 
dictated by the information required. Similarly, process control requirements within 
a uranium mill or processing facility will determine at which points the various flow 
streams should be sampled. Sampling becomes a problem, however, when we must 
select discrete samples from a large, unconfined system, such as the natural environ
ment, for the purpose of defining spatial and time variations of particular consti
tuents. The normal limitations of time and money will dictate the maximum number 
of samples that may be collected and analysed. These samples must be carefully 
selected to provide the information required. 

To establish appropriate sampling locations it will be necessary to perform a 
preliminary survey of the area involved. The main purpose of this survey will be to 
assess the variability of radium within sample types and spatial location. The greatest 
emphasis should be placed on those sample types which are the primary transfer 
media (air and water). Next would be vegetation and animal species that are part of 
the human food chain and, finally, sediments, soil and rock that can act as collectors 
or sources of radium. About 10-20% of the total programme budget should be 
allocated to this preliminary overview. 
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In all environmental monitoring programmes, surface water must be sampled 
and, where possible, samples of groundwater should be collected. Streams and rivers 
should be sampled upstream, at and downstream of any point receiving liquid waste 
discharges or runoff from contaminated areas. Similarly, more concentrated 
sampling should be performed where one stream flows into another or discharges 
into a lake. In most cases, sampling upstream of contamination entry points will 
provide background reference levels. Sediments should also be collected around 
these points of merging flow. The best sampling locations will be in areas where 
turbulence is at a minimum and maximum settling occurs. Collection of sediments 
along the normal course of streams and rivers should also be done where maximum 
sedimentation is observed to occur (bends in rivers, dam impoundments). 

There is a variety of random and non-random sampling techniques that can be 
used to assign sampling locations to large areas. Generally, these techniques take into 
account the resources available and the system variability, as determined by the 
preliminary assessment, in selecting appropriate sites. The details of simple random 
sampling, stratified random sampling, systematic random sampling and non-random 
sampling are discussed by Berg [1]. These techniques can be applied to sampling air, 
water, vegetation, sediment and soil. Another publication deals with sample site 
selection [2]. In Chapter 2-7 in Volume 2 of this publication, Bettencourt et al. 
discuss environmental monitoring in mining areas and deal with sample site selec
tion. Several of the references in Chapter 2-7 (Vol. 2) provide additional informa
tion on selecting sample sites. A general discussion of sampling principles is given 
in Ref. [3]. Subsurface sampling of soil and deposited solids is covered in manuals 
published by the American Society of Civil Engineers [4, 5]. 

2.2. Sampling frequency 

The main determinant of sampling frequency will be the dynamics of the 
system being monitored. Obviously, soil and groundwater will require lower 
sampling rates than air and surface water. One major factor which affects the 
dynamics of water systems is the size and holding time of waste disposal and treat
ment ponds. Small ponds with a high throughput will require a higher sampling 
frequency than large ponds with long retention times. A main consideration in 
monitoring treatment pond releases is that the sampling frequency should be high 
enough to detect any above limit discharge before a large volume has escaped. 
Cleanup costs will normally be proportional to the quantity released. Hence, the cost 
of more frequent monitoring may be excellent insurance against costly reclamation 
operations. It is recommended that tailings pond and treatment pond discharges 
be monitored daily during normal milling operations or, as a minimum, weekly. 
Effective air monitoring (particulates by high volume filter systems) requires almost 
continuous sampling because of the high variability of wind direction and speed. 
Once daily and monthly patterns have been established over a period of at least two 
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years, it may be possible to reduce the frequency. Surface deposition samples (fallout 
collectors) will normally be collected for a period of one to four months to ensure 
adequate sensitivity. 

The United States Environmental Protection Agency [6] recommends that the 
minimum grab sampling frequency around nuclear power plants should be monthly 
for surface and drinking water, quarterly for groundwater and semi-annually for 
sediments. Since the potential for releases from mining operations is greater than 
from nuclear reactors, these frequencies should be increased severalfold when 
monitoring mines. 

There are certain changes in normal conditions which will necessitate an 
increase in the regular sampling schedule. Major changes in processing conditions 
may cause significant changes in discharge rates. This should be closely monitored 
until stable levels and trends are re-established. Also, any sudden change in normal 
levels at a particular site will require stepped up monitoring. In some cases weather 
changes may result in conditions which make extra sampling necessary. High rain
fall, heavy spring runoff or severe storms could cause problems with containment 
and treatment systems. In periods of extreme cold, colloidal barium sulphate is 
formed in ponds treated with barium. This results in greatly increased levels of 
radium in the pond overflow. 

Statistical methods for determining sampling frequency are discussed in detail 
in Ref. [1]. These methods are normally applied to systems for which some accumu
lated data are available, or which are similar to previously analysed systems. 

2.3. Sample collection 

2.3.1. Water 

Collection of surface water samples will normally be performed by manual 
grab sampling techniques when the sampling frequency is not high. Grab samples 
may be composited from those collected at different times or locations to provide 
time or spatial averages with reduced analytical costs. Usually, the sample is 
collected by dipping a suitable container (well below the surface where depth allows) 
and transferring the contents to the sample bottle. Care should be taken to avoid 
disturbing and including bottom sediments with the sample. The preservative may 
be added to the container before or after the sample. Polyethylene bottles are recom
mended for sampling radionuclides such as radium. Glass containers adsorb more 
radium than polyethylene (see Chapter 3-4 in this volume) and should not be used. 
Automatic samplers can be installed when continuous or frequent sampling is 
required at a particular site. A discussion and comparison of automatic samplers is 
given by Berg [1]. Deep bodies of water can be sampled at specific depths by using 
special devices which can be lowered to the desired depth and then triggered to 



CHAPTER 3-9 261 

capture the sample. Common examples of this type are the Nansen water bottle and 
Kemmerer sampler. These and other designs are discussed in Refs [1, 2, 7]. 

Water samples will normally be analysed for either dissolved or total radium. 
When dissolved radium is required the sample must be filtered before the preserva
tive is added. Filtering should be performed as soon as the sample is collected. The 
usual filter porosity is 0.45 /*m. Sample collection procedures for speciation studies 
are discussed in Chapter 3-4 in this volume. 

Groundwater can be collected from existing wells or from specially created 
boreholes and piezometers. Samples may be brought to the surface by means of 
bailers, hand pumps, submersible pumps, air lift pumps and pressurized gas pumps 
(see Refs [1, 2, 7]). All pumps should be operated for a suitable time before collect
ing the sample to ensure that stagnant water is purged from the system. 

The low level of radium in sea water necessitates the use of concentration tech
niques to collect samples. These involve adsorption on manganese dioxide impreg
nated acrylic fibres [8-10], on ion exchange resin [11] and by co-precipitation with 
insoluble compounds [12, 13]. 

2.3.2. Air 

Suspended particulates in air can be collected on fibreglass or membrane filters 
using a variety of pumps and filter holders. One of the most common for outdoor 
environmental monitoring is the high volume air sampler. Detailed sampling 
methods are outlined in Ref. [14]. 

The accumulation of atmospheric fallout may be monitored by collection in 
dustfall jars. These are open topped cylinders, about 15 cm in diameter and 46 cm 
high, which are placed on supports well above ground level. Collection procedures 
are described in Ref. [15]. 

2.3.3. Soil and sediments 

There are only a few cases where the analysis of soil samples for radium 
isotopes will be required. Pre-operational surveys of uranium mining and processing 
facilities should include some soil measurements for background purposes. The most 
likely sources of soil contamination will be from wind blown tailings or where 
processing wastes have been dumped. If pre-operational background levels have not 
been determined, they usually can be approximated by sampling outside the contami
nated areas. 

Soil samples are not very useful in measuring incremental deposition of radium 
isotopes. This can best be measured by collecting atmospheric fallout in dustfall jars, 
which avoids dilution with a large soil mass.. Soil samples may be collected by taking 
a shallow (5 cm) core with suitable circular cutters and augers, or by using a surface 
template and scooping out the soil with a trowel. Samples are best taken from grassy 
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areas well away from large trees and buildings. Bare soil is usually exposed to too 
much erosion to quantitatively retain deposited fallout. It is best to composite several 
samples to smooth out large random variations. Soil sampling techniques are 
described in detail in Ref. [3]. 

Investigations of operational and abandoned uranium tailings deposits will 
require samples from various depths as well as the surface. The selection and use 
of suitable augers, tube samplers and piston samplers is discussed extensively by 
Feenstra et al. [2]. 

Sediment samples are normally collected underwater, which requires special 
sampling devices. The most common are grab sample dredges. These are buckets 
with spring loaded jaws that are triggered on the sediment surface to scoop out a 
shallow sample. Coring devices are available which penetrate to various depths and 
return a relatively undisturbed vertical cross-section of the sediment. A comparison 
of the advantages and disadvantages of various commercial sediment samplers is 
given by Berg [1]. 

2.3.4. Biological samples 

The most common biological samples analysed are fish and vegetation. Fish 
are useful indicators of biological accumulation in aquatic systems. Similarly, 
various plants can be analysed to measure their uptake of radium and other radio
nuclides. This is often done to estimate the contribution to human and animal diets. 
Data are gradually being accumulated on the radionuclide content of various 
mammals consumed by man, namely, caribou, moose and reindeer. 

Most biological samples are collected manually. Fish are normally caught in 
gill or drag nets. Vegetation is usually hand picked or hand harvested using various 
instruments (shears, knives, saws, etc.). Bone and tissue samples from large animals 
may be collected from hunter's kills or from herd culling operations. This is most 
easily co-ordinated through government licensing or management agencies. Owing 
to the high mobility of unconfined animals, they are not good indicators of localized 
contamination. This can be best assessed by pasturing domestic animals within the 
area of concern and subsequently harvesting them. 

3. SAMPLE PRESERVATION 

3.1. Water 

The usual recommendation for the preservation of water for radium analysis 
is to add sufficient acid to bring the pH below 2 [1, 2]. For water with low alkalinity 
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this can be accomplished with 1 mL of concentrated nitric or hydrochloric acid per 
litre of sample. If the alkalinity is above 500 mg/L (CaC03), 1 mL of acid per litre 
can be completely neutralized by the sample. Therefore, it is preferred that 10 mL 
of concentrated acid be added per litre of sample. The higher hydrogen ion 
concentration will further reduce radium adsorption on the container walls. Samples 
which have been preserved in this manner are generally stable for several months. 
If radium is to be determined by one of the procedures where lead sulphate is precipi
tated as the initial carrier, the preservative should be nitric acid. Hydrochloric acid 
greatly increases the solubility of lead sulphate and can result in the incomplete 
recovery of radium. 

3.2. Air particulates, soil and sediments 

No special preservation is required for these types of samples other than to 
isolate them to prevent contamination from other sources. The filter on which 
particulates are collected should be placed in a suitable envelope and labelled. 
Dustfall jars are normally capped and returned to the laboratory for sample removal. 
Soil and sediment samples should be placed in heavy plastic bags or wide mouthed 
plastic bottles and sealed to prevent moisture loss. 

3.3. Biological samples 

Leaves and stems should be air dried as soon as possible after collection. If 
they cannot be delivered directly to the laboratory the samples should be placed 
loosely in paper bags and exposed to as much heat and sunshine as possible. Green 
vegetation should not be packed in plastic bags as this will usually result in rapid 
decomposition of the matter. Perishable vegetables should be refrigerated but not 
frozen. 

Fish and animal samples should be frozen as soon after collection as possible. 
Fish and small animals must be gutted before freezing and if the skin is to be 
excluded from analysis it too should be removed before freezing. It is usually more 
difficult to skin a carcass after thawing than while it is still fresh. Samples from large 
animals will usually consist of portions of organs, flesh or bone. These can be 
individually wrapped in waterproof paper or plastic and frozen. If the samples must 
be transported long distances, dry ice (solid C02) can be used to keep the contents 
of insulated containers frozen for at least two days. All shipments of frozen samples 
should be clearly labelled as such so that if there is a delay in delivery, the carrier 
will keep the package frozen or, at the very least, refrigerated. 
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4. SAMPLE PREPARATION 

4.1. Water 

Water samples will be analysed for either dissolved or total radium. If total 
radium is required and solids are present the sample must be treated to bring all 
radium into solution. In some cases this can be accomplished by evaporation and acid 
digestion of the entire sample. A more reliable method is to collect the solids on a 
membrane filter and digest with acid or perform a pyrosulphate fusion (Chapter 3-9, 
this volume). These dissolved solids may be added back to the original sample or 
analysed separately. If the sample was preserved with acid, the solid fraction will 
no longer be representative of the original radium distribution. Recently, techniques 
have been developed to extend the identification of physicochemical forms of radium 
in aqueous systems. A very extensive discussion of these speciation procedures is 
provided by Benes (Chapter 3-10, this volume), who gives details of sample preser
vation and separation techniques used in speciation. 

When radium is to be determined by any of the direct alpha counting methods, 
it must be isolated from the bulk sample and deposited as a thin, low mass source. 
The most commonly used procedure is a lead sulphate co-precipitation followed by 
isolation with a small amount of barium sulphate [16-18]. Initially, several hundred 
milligrams of lead (as the nitrate) are added to the sample and precipitated with 
sulphuric acid. This serves as a collector of radium (and other radionuclides) in a 
form that can be easily separated from the solution by decantation and centrifugation. 
To isolate radium, the lead sulphate precipitate is dissolved in alkaline ethylene-
diaminetetraacetic acid (EDTA), then a small amount of barium carrier is added and 
precipitated as the sulphate by lowering the pH to 4.8. It is usually necessary to 
further purify the radium by dissolving and reprecipitating the Ba(Ra)S04. This 
procedure normally results in over a thousandfold separation of radium from other 
alpha emitting radionuclides [16]. 

The final form of the source will depend on the type of alpha counting to be 
performed. Gross alpha counting techniques can tolerate several milligrams of 
barium sulphate/cm2 of source area. To obtain reasonable resolution in alpha 
spectroscopy, the source must be less than 1 mg/cm2 [18-20]. Normally, the final 
Ba(Ra)S04 precipitate is collected on a membrane filter, which is then suitably 
mounted for the counting procedure used. 

The radon emanation procedure is one of the most extensively used methods 
to determine radium presence and content. It can be made specific for 226Ra by 
allowing short lived 220Rn and 219Rn to decay before beginning the count of 222Rn 
and its daughters. In order to increase sensitivity the radium is usually isolated and 
concentrated in a small volume of alkaline EDTA using the foregoing lead-barium 
separation procedure. The EDTA solution is sealed in a special glass bubbler and 
222Rn is allowed to accumulate for a definite period of time. When sufficient 
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ingrowth has occurred, the radon gas is flushed into a ZnS coated counting cell 
[17, 18, 21, 22] or an ionization detector [3]. In calculating the amount of 226Ra 
present, the ingrowth periods of radon and the daughters must be taken into account. 
For some samples the amount of radium present will make it possible to strip the 
radon directly from the sample into the counter [23, 24]. Radon must first be purged 
from the sample and then allowed to re-equilibrate for a definite time before transfer 
to the cell. A discussion of the emanation method is presented in Chapter 3-2 in this 
volume. 

The sensitivity of the emanation method can be increased by applying purge 
and trap techniques to large sample volumes [9, 24]. Radon is stripped from the 
sample using a suitable carrier gas (nitrogen, helium, argon, forming gas). The gas 
stream containing the radon is first dried (silica gel, drierite, soda lime, sulphuric 
acid) and then the radon is collected in a liquid nitrogen trap or adsorbed on charcoal 
or silica gel at dry ice temperature. When purging is complete the trapped radon is 
transferred to the counting cell with a small volume of gas after warming the trap. 
This procedure should be limited to low concentration, large volume samples. The 
Ba(Ra)S04 co-precipitation procedure or the direct stripping technique are better 
suited to normal concentrations ( > 0.005 Bq/L). 

There are few cases where gamma spectroscopy can be applied directly to 
water samples because of the low sensitivity of this technique. The determination of 
226Ra using the 186 keV gamma line results in a detection limit of 10 Bq/L or 
higher for a 10 h count with a shielded 20% germanium detector. Using the 
186 keV gamma line has the disadvantage that 235U produces a significant interfer
ence at this energy. Consequently, the 235U content of the sample must also be 
determined in order to correct the apparent 226Ra concentration. This interference 
can be avoided if either 214Pb at 352 keV or 214Bi at 609 keV are used and 222Rn 
is known to be in equilibrium. Storing the sample in a sealed container for 21 d will 
result in a minimum of 98% equilibrium. Alternatively, large samples can be 
evaporated to dryness and the residue analysed after radon re-equilibration in a 
sealed container. About the only aqueous samples that can be analysed directly by 
gamma spectroscopy are uranium mill tailings pond water, mill process streams and 
leachates from ore and tailings. Even for these samples alpha counting or emanation 
techniques are faster. The fundamentals of gamma spectroscopy, germanium detec
tors and the application of this technique to radium analysis are discussed in Chap
ter 3-4 in this volume. 

Samples that have been collected on manganese dioxide impregnated acrylic 
fibre cartridges can be analysed by gamma spectrometry. The cartridge is sealed to 
allow radon ingrowth for a period of time and then counted directly on the gamma 
detector [10]. 

The determination of radium by liquid scintillation counting is a method which 
has gained increasing popularity in recent years. This application was first described 
by Noguchi [25] and by Horrocks and Studier [26]. Although it was originally used 
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as a gross alpha-beta counting technique, it is now possible to obtain reasonable 
alpha energy resolution using modern scintillation counters with built in multi
channel analysers. This improved alpha resolution makes it possible to limit the 
background to the width of the alpha peak, thereby lowering detection limits. Sample 
preparation involves either concentrating radium in a small aqueous volume or taking 
a small volume of original sample and adding this to an organic scintillator. The two 
liquids are sealed in a scintillation vial, which is then stored for a definite time 
(several days or weeks) before counting. Radon, produced by the radium in the 
aqueous solution, preferentially dissolves in the organic scintillator. If the counting 
electronics are adjusted to acquire both beta and alpha pulses, the radon and its four 
daughters will produce five counts for every equivalent 226Ra decay. This can 
produce sensitivities equal to or greater than gross alpha or emanation procedures. 
The big difference is that the high background of the liquid scintillation technique 
results in much higher detection limits. A comprehensive discussion of liquid scintil
lation counting as applied to radium analysis is provided in Chapter 3-6 in this 
volume. 

4.2. Air particulates, soil and sediments 

Solid samples must be dissolved before radium can be isolated for alpha and 
beta (228Ra) counting, radon emanation or liquid scintillation counting. Rock, soil 
and sediment samples will require drying, crushing and grinding to produce a fine 
grained, homogeneous powder before subsampling. Appropriately sized aliquots 
(typically 1 g) are dissolved by either acid digestion or fusion with a flux. If 
appreciable amounts of organic matter are present the sample should be ashed at as 
low a temperature as possible (<50°C). For acid digestions the acids should be 
selected with respect to the sample composition. Many samples contain large 
amounts of silicates which can be eliminated by hydrofluoric-sulphuric acid diges
tion. The remaining metallic and non-metallic constituents can then be dissolved in 
aqua regia or, in some cases, by nitric acid alone. 

A dissolution technique which is suitable for most samples is pyrosulphate 
fusion. This can be performed by two different procedures. The simplest is to 
eliminate silicates with repeated treatments of hydrofluoric acid in the presence of 
sulphuric acid and then fuse the residue with potassium pyrosulphate. The cooled 
melt is dissolved in dilute nitric acid [17]. The second procedure starts with a potas
sium fluoride fusion to which sodium sulphate and sulphate acid are added to drive 
off fluorosilicates. Continued heating produces a pyrosulphate fusion. As before, the 
cooled melt is dissolved in dilute acid [18, 27]. It should be noted that these fusions 
are performed in platinum vessels. 

Air particulates may be collected on either glass fibre or membrane filters. 
Glass fibre can be completely dissolved by the same procedures used for soil and 
sediment. The hydrofluoric acid or potassium fluoride used in these digestions will 
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volatilize most of the silicate filter. Membrane filters can be thermally ashed before 
dissolution of the particulates or the filter plus deposits can be digested with nitric-
perchloric acids. The contents of dustfall jars should be transferred to a suitable 
container using deionized water and a rubber spatula. The resulting slurry may be 
partially evaporated prior to acid digestion or taken to dryness if a fusion is to be 
performed. Once solid samples have been dissolved, any of the radium separation 
procedures and counting techniques described in Section 4.1 can be used to perform 
the analysis. 

Gamma spectroscopy can be applied to most solids directly provided there is 
sufficient activity. For low levels of radium, a minimum of 500-1000 g should be 
collected so that a 500 mL Marinelli beaker can be used. If the radium concentration 
is above 2-5 Bq/g, a 10 g sample spread uniformly in a plastic Petri dish will be ade
quate. In all cases, the container must be sealed and stored for three weeks to ensure 
radon equilibrium when 214Pb (352 keV) or 214Bi (609 keV) gammas are used for 
the radium quantification. 

4.3. Biological samples 

All biological samples should be thermally ashed to increase the sensitivity of 
radium determination. Samples are concentrated by factors of twenty to one 
hundredfold when ashed. Most vegetation, vegetable and fish flesh contain from 
75 to 95% water. Drying samples in a low temperature oven (<90°C) will prevent 
splattering during the initial stages of ashing. Stainless steel pans are convenient, 
durable ashing containers. Carry over contamination can be prevented by lining the 
pans with heavyweight household aluminium foil prior to ashing each sample. The 
ashing process can be started on a hot plate in a well ventilated hood. This allows 
better control of the initial charring process. Once the sample is well charred the 
container can be transferred to a muffle furnace and the temperature increased in 
stages to 550°C. The pans should be removed occasionally and the ash stirred to 
ensure complete oxidation. Wetting the ash with a 20% solution of ammonium nitrate 
will help to speed up the oxidation of difficult samples. Normally, a near-white ash 
can be obtained, except for some types of vegetation. 

The ash content of vegetation and flesh varies from approximately 1 to 3 % of 
the original sample weight. A fresh or raw sample weight of 100-200 g will provide 
1-5 g of ash for analysis. Bone has an ash weight ranging from 10 to 25%. Conse
quently, 20-50 g of raw bone will produce sufficient ash for several determinations. 
The procedure for 90Sr in Ref. [3] gives a detailed discussion of ashing techniques 
for various biological samples. 

The ash from fish flesh can usually be dissolved in nitric acid. Most other ash 
types are best dissolved with a pyrosulphate fusion. The dissolved ash samples can 
be analysed by any of the alpha counting, emanation or liquid scintillation methods 
described in Section 4.1. 
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5. SELECTION OF ANALYTICAL METHOD 

5.1. 226Ra 

There are several factors that restrict the choice of an appropriate radio
chemical procedure from the available options. One may be restricted to using 
existing counting equipment. New counting systems are generally quite expensive. 
In some cases the money may be better spent on improving the radiochemical 
processing facilities if throughput is a problem. The largest cost in radiochemical 
determinations is the labour required to process and prepare the samples for count
ing. Where the workload is extremely high, automated counting systems will pay for 
themselves in a short time. Another factor will be the sensitivity and detection limits 
required. Some procedures will be too insensitive for low levels. Conversely, time 
consuming, sensitive procedures may not be appropriate for high levels. If 
the method must be absolutely specific for 226Ra, alpha spectroscopy and radon 
emanation will be greatly superior to gross alpha counting and alpha-beta liquid 
scintillation counting. In some cases the sample type will dictate the preferred 
method. For instance, large soil and sediment samples may be analysed directly by 
gamma spectroscopy, thereby eliminating sample digestions and radium isolation 
procedures. Kobal and Williams provide an extensive review of analytical 
procedures for radium [28]. 

Gross alpha counting procedures are the least time consuming for the determi
nation of 226Ra. In the absence of significant amounts of 224Ra, this method is 
capable of accurate, low detection limit results. A trained technician can perform a 
minimum of 20 determinations daily. A complete analysis of one or two samples can 
be performed in less than three hours, whereas the emanation method requires at 
least an overnight ingrowth period (see Chapter 3-5, this volume). 

Alpha spectroscopy is the method of choice when radium isotopes must be 
determined. This technique approaches the gross alpha procedures in speed. Single 
samples can be prepared and analysed in as little as two to three hours. The interpre
tation of complex spectra can be time consuming as it is usually done manually. 
Instrumentation costs are approximately equivalent for the gross gamma and alpha 
spectroscopy methods (see Chapter 3-3, this volume). 

The radon emanation method is more time consuming than either of the 
foregoing methods. However, it has the advantage that it can tolerate high levels of 
barium in the original sample. Milligram amounts of barium completely destroy the 
resolution in alpha spectroscopy and cause low counting efficiency for gross alpha 
counting. When the other radium isotopes are present, the specificity of the emana
tion method for 226Ra makes it preferable to the gross alpha procedures (see 
Chapter 3-2, this volume). 

The foregoing methods are generally equivalent in terms of sensitivity and 
precision. For equal counting times their detection limits are comparable. They are 
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the most sensitive methods for 226Ra analysis and are therefore suitable for all 
sample types. 

When other counting systems are unavailable, 226Ra can be analysed by liquid 
scintillation counting. Since it requires the equilibration of radon, the procedure is 
best suited to radium assays that are not time critical. Depending on the background 
of the system, it may not be possible to analyse environmental levels successfully 
(see Chapter 3-6, this volume). 

Gamma spectroscopy is not cost effective for routine, low level radium 
analysis. However, it is the only method that can be used to analyse samples without 
the separation and isolation of radium in a prepared source. It is most useful for the 
analysis of ore, rock, soil and sediment samples. In the presence of 235U, it is 
necessary to establish 222Rn equilibrium so that 214Pb or 2I4Bi gamma emissions can 
be used to quantify 226Ra (see Chapter 3-4, this volume). Alternatively, the sample 
may be analysed for 235U (delayed neutron activation analysis) so that a correction 
can be applied to the net gamma peak at 186 keV. 

5.2. Radium isotopes 

There is a limited number of radiochemical procedures that can be used to 
determine radium isotopes other than 226Ra. In the case of 228Ra there are two such 
methods. The first is based on beta counting of the daughter 228Ac after its separa
tion from 228Ra [16-18]. This indirect method is used because the beta emission of 
228Ra are too weak to be detected directly. The short half-life of 228Ac (6.1 h) 
means that the counting must be performed promptly after separation of the radium 
parent. For a 100 min count this procedure has an absolute detection limit of 
0.02-0.04 Bq, depending on the background of the beta counter. The second method 
is based on beta-gamma coincidence counting [29, 30] and is discussed in detail 
by Godoy (Chapter 3-7, this volume). Radium isotopes are isolated as Ba(Ra)S04 

and counted with a beta detector surrounded by an Nal detector operated in coinci
dence. Coincident beta-gamma pulses from 228Ac are registered by a multichannel 
analyser after processing by two single channel analysers and a coincidence analyser. 
The method has an absolute detection limit of approximately 0.005 Bq (see 
Chapter 3-7, this volume). The main restriction in its use is the high cost of the dual 
detector and the complex electronic system required. 

223Ra and 224Ra are alpha emitters and are most conveniently determined by 
alpha spectroscopy. These isotopes can be isolated by the same barium sulphate 
procedure used for 226Ra (Section 4.1). The main alpha emissions of 223Ra and 
224Ra overlap and cannot be completely resolved. Consequently, when these two 
isotopes are present together it is necessary to base their quantification on daughter 
isotopes (215Po for 223Ra and 2i2Po for 224Ra). An alpha-gamma coincidence 
technique can be used to determine both 224Ra and 226Ra (see Chapter 3-7, this 
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volume). This requires an alpha detector surrounded by an Nal detector and elec

tronics similar to those for the beta-gamma coincidence method. A procedure for 

determining 224Ra based on the isolation of its daughter, 212Pb is described in 

Ref. [3]. For environmental monitoring purposes, it is seldom necessary to measure 
224Ra directly. Thorium isotopes are normally measured and from 228Th it is 

possible to calculate the equilibrium (maximum) concentration of 224Ra. 
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1. IMPORTANCE AND METHODS OF ANALYSIS OF PHYSICO-
CHEMICAL FORMS OF RADIUM 

It has been well established that the environmental behaviour and toxicity of 
trace elements and radionuclides depend strongly on their physicochemical forms 
('speciation') in the environment, and in this respect radium is no exception. Conse
quently, an advanced analysis of radium behaviour in any environmental process 
should consider radium speciation in the environmental components which are part 
of the process. For instance, in a study of radium migration in the hydrosphere, the 
physicochemical forms of radium in the aqueous phase and its bond in solids in con
tact with the phase should be analysed. This chapter presents an outline and discus
sion of the methods available for the analysis of radium speciation. As the analysis 
itself is sometimes called speciation [1], we can call these methods 'speciation 
procedures'. 

The physicochemical forms of trace elements in environmental samples can be 
determined using three general methods: calculational methods, model experiments 
and direct analysis of the samples. Calculational methods use thermodynamic 
(equilibrium) and kinetic data for the calculation of phase and species distribution 
in the system under study from the known composition and other parameters of the 
system. The methods have been extensively developed, particularly for aquatic sys
tems [2], and can range from rather simple procedures involving one element and 
several ligands or phases, to very complex computer programs. The simple proce
dures are mostly inadequate to account for the complex nature of processes involved 
in determining the distribution and therefore yield rather inaccurate results. 
However, even with computer calculations there can be serious difficulties for the 
following reasons: many thermodynamic data necessary for the calculation are 
missing or are unreliable, as reflected in the large spread of available data; there is 
a general lack of information on the kinetics of environmental processes, and there
fore most of the calculations have assumed equilibrium systems; the composition, 
abundance and properties of many components of natural systems are poorly known. 
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This applies particularly to natural organic matter and colloidal components. Conse
quently, the results obtained by the calculation can be considered only as a more or 
less accurate approximation of the actual speciation of the trace element studied 
[1,3]. There is no doubt, however, that the information gained from equilibrium cal
culations should be examined at the beginning of any speciation study because it can 
greatly facilitate the ensuing experimental analysis. 

Model experiments represent the analysis of trace element behaviour and/or 
speciation in artificially prepared systems simulating natural systems, or in environ
mental samples suitably modified to simplify the analysis. Their main advantages 
over the direct analysis of environmental samples are the easier interpretation of the 
results obtained and the possibility of examining the speciation and behaviour under 
a broader range and/or better defined conditions. The experiments often aim at 
obtaining data necessary for calculational methods, or verification of conclusions 
drawn from the calculations. They are often carried out by radiotracer methods, 
owing to their simplicity and sensitivity. 

Direct analysis of an environmental sample is the most straightforward, and 
often the best, approach to the solution of the speciation problem. It can be carried 
out by a variety of methods that are discussed in the following paragraphs. At this 
point only general problems involved in the analysis should be mentioned. The first 
problem is sampling, sample storage and pretreatment. These procedures should not 
change the speciation of radium, which is often difficult to achieve (see below). The 
analysis procedure itself can affect speciation owing to a possible shift in equilibrium 
or, more specifically, the ratio of the various forms of radium in the sample. Conse
quently, speciation procedures that affect the ratio as little as possible should be used. 
A serious problem with some analyses may be the adsorption of radium on the walls 
of vessels and other surfaces present in the analysed sample, or in contact with it. 
The simultaneous presence of three or more forms of radium in comparable quanti
ties in the sample generally makes the analysis very difficult, particularly if selec
tivity of separation or the distinction between the forms is poor. All of these 
problems will be discussed in more detail in connection with individual speciation 
procedures. It appears that, owing to the difficulties mentioned, it is possible with 
currently available experimental techniques to classify the speciation of a trace ele
ment only into operationally defined classes based on the thermodynamic or kinetic 
behaviour of the element in the sample [4]. 

No general scheme of speciation procedures can be presented here as the 
procedures depend on the nature and character of the environmental sample to be 
analysed. However, most of the procedures include as a first step the separation of 
phases (solid-liquid, gaseous-solid, gaseous-liquid), which is often carried out rou
tinely during sampling. Almost all of the procedures used for radium speciation con
cern samples of water, sediments and soil, as the hydrosphere and radium interaction 
with solids play the main role in the environmental migration of radium (see 
Chapter 4-3 in this volume). This is also referred to in the following paragraphs. 
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FIG. 1. General scheme of the analysis of radium speciation in water samples. 

2. DISSOLVED AND PARTICULATE FORMS IN WATER 

The general scheme of the analysis of physicochemical forms of radium in 
water samples is shown in Fig. 1. The simplest speciation procedure involves the 
distinction between two basic forms of radium, dissolved (or soluble) and particulate 
(or suspended) forms. These forms have to be considered even in the determination 
of the total quantity of radium in water samples (see Chapter 3-9, this volume), 
because the determination by some methods (e.g. emanometry) without the separa
tion of dissolved and particulate forms of radium and dissolution of the particulate 
forms can lead to serious errors, depending on the nature and size of the particulate 
forms. 

2.1. Sampling and sample storage 

Although distinguishing between dissolved and particulate forms of radium 
represents the simplest experimental speciation procedure, it is not without 
problems. Sampling and sample storage may significantly alter the concentration 
and/or ratio of the dissolved and particulate forms owing to: their adsorption on the 
sampling device and storage vessel; a change in ambient conditions (temperature, 
hydrodynamic conditions, the atmosphere in contact with the sample, etc.); and 
spontaneous chemical, biological or physical changes (coagulation, sedimentation, 
etc.) in the sample. Much waste and natural water is a non-equilibrium system 
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where chemical reactions occur, which may change the distribution of radium 
between dissolved and particulate forms. Consequently, it is advisable to separate the 
forms as soon as possible after the sampling or, preferably, during sampling. Con
servation of samples by chemical methods or by freezing is not to be carried out 
before the separation as it may affect the results. If necessary, water samples can 
be stored or transported in a closed vessel at ~4°C. Careful choice of the vessel 
should minimize adsorption losses which, however, depend on the character and 
composition of the sample (see below). 

2.2. Separation methods 

Another problem is die choice of separation method. The dissolved and partic
ulate forms can, in principle, be separated by sedimentation, centrifugation and 
filtration. Each of these methods has its advantages and limitations. Sedimentation 
is very simple, but cannot be recommended for separation because it is lengthy and, 
hence, subject to the complications mentioned above, and because it is unable to 
separate small particles and particles with low density (close to that of water). 

Centrifugation represents a better choice. It is rather quick and permits separa
tion of sufficiently small particles, depending on the centrifugation speed and particle 
density. Using a common centrifuge with an acceleration of 1000-2000g permits 
complete centrifugation of particles larger than ~0.1 /xm in about half an hour, if 
the particle density is at least 2 g/cm3. However, it is difficult to calculate the exact 
size of me particles centrifuged out in simple discontinuous centrifugation [5]. The 
results are little affected by adsorption losses of dissolved radium on the walls of the 
centrifugation tubes [6]. The particulate forms can stick to the walls, but can be 
rather easily removed. 

Centrifugation permits the concentration of the particulate matter within a 
small area, or in a small volume of water, and easy preparation of the matter for its 
further analysis, though it is unable to separate particles with densities close to that 
of water. This drawback can, however, be turned into an advantage if the centrifuga
tion is used for characterization of the particulate forms (see Section 4.3). The main 
problem with this method is the ramer small volume of water which can be cen
trifuged in ordinary centrifuges. This can be overcome by using continuous centrifu
gation with a flow through rotor, which permits efficient separation of particulate 
matter from large volumes of water. 

Filtration is by far the most frequently used method for the separation of 
dissolved and particulate forms of trace elements. It requires simple and inexpensive 
equipment and, unless large volumes of water have to be filtered, it is also suffi
ciently rapid. Its use may be complicated by filter clogging and by the adsorption 
of dissolved forms of radium on the filter. For the latter reason, paper filters are not 
suitable for filtration, since paper can adsorb significant quantities of dissolved 
radium [7]. The same may apply for layered filters with a high adsorption capacity. 
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For instance, Robertson et al. [8] filtered river water through a series of fibreglass 
filters and found that 99.9-100% of radium was in particulate form, which is rather 
exceptional for surface water (see Chapters 4-2 and 4-3 in this volume). It is possi
ble that most of the ionic radium was adsorbed on the glass filters, as glass adsorbs 
radium very well (see below). 

The most suitable filters for this purpose proved to be commonly available 
membrane filters manufactured by a number of companies. These filters have a 
rather uniform pore size, in the range of 0.1-10 pm, and have sufficient permeability 
to allow filtration of several litres of water per hour (for the larger filters). 
Experience suggests that the adsorption of dissolved radium forms on such filters is 
very low [9]. Filter clogging can be at least partially avoided by suitable construction 
of a filtration device (stirred cell, thin channel filtration, etc.). If it is desirable to 
keep the particulate forms in suspension for the purpose of further analysis or other 
use, the simple filtration can be replaced by thin channel flow concentration (see, 
for example, Ref. [10]) or by diafiltration [5]. 

In order to take into account the views of all workers in environmental science 
and related fields, the dissolved forms of trace elements have been defined, by con
vention, as all species which pass through a membrane filter with 0.45 ^m diameter 
pores. Dissolved forms defined in this way include most colloids, though this is 
thermodynamically incorrect as far as lyophobic colloids are concerned, as these 
colloids represent a finely dispersed solid phase. However, quantitative separation 
of lyophobic colloids from truly dissolved forms (also including lyophilic colloids) 
is not easy and can hardly be carried out routinely as the first step in radium specia-
tion. In the event that other methods are used for the separation of dissolved and par
ticulate forms of radium, rather than filtration through a 0.45 /xm filter, it is 
advisable that a comparison with the filtration method be made. 

2.3. Storage of separated samples 

The filtrate, centrifugate or sediment obtained as indicated above is used for 
the determination of the total dissolved radium (see Chapter 3-9, this volume), or 
for analysis of the dissolved species of radium (see Section 3). In the former case, 
the sample can be suitably conserved before the determination in order to avoid 
losses by adsorption onto vessel walls and other devices used for the determination. 

A study of radium adsorption on glass and polyethylene vessels from solutions 
containing 8-40 pg/L radium has shown that the adsorption depends on the pH and 
composition of the solution [11]. Adsorption on glass from chloride solutions 
(0.01M HC1 + NaCl) is negligible at pH < 3 and passes through a maximum at 
pH6-9.5 (see Fig. 2). Addition of sulphates to the solution strongly enhances radium 
adsorption on glass, even in the acidic region of pH2-3. Adsorption on polyethylene 
from solutions containing chlorides or sulphates is much lower. It begins at pH ~ 5 
and passes through a flat maximum at pH7-13. The presence of carbonates and 
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2 6 10 14 
PH 

FIG. 2. Adsorption of radium (in %)from 10 mL of aqueous solution on the walls of 30 mL 
polyethylene bottles and 20 mL glass ampoules as a Junction of the solution composition and 
pH. Open points: 0.01 M (HCl + NaCl); filled points: 0.0033M (H2S04 + Na2S0^ [11 J. 

hydrogen carbonates at concentrations <0.01M in the solutions has a very small 
effect on adsorption both on glass and polyethylene, but adsorption is inhibited at 
higher concentrations (>0.1M) of cations. 

From these findings it can be concluded that significant adsorption losses can 
occur when solutions of radium (probably including waste and natural water) are 
stored in glass vessels, particularly in the presence of sulphates. The losses can be 
reduced by acidification of the solution to pH < 2 and/or by the addition of electro
lytes. Polyethylene vessels should be used for the storage of samples containing sul
phates, or if the samples cannot be acidified, e.g. before the analysis of the dissolved 
species of radium. This conclusion is supported by the experience [12] that adsorp
tion losses of radium added to samples of filtered waste and river water in polyethy
lene bottles never exceeded 5%. Radium added to unfiltered water was adsorbed 
more, but only after several days of storage. 

The samples of separated particulate matter can be used to determine the total 
particulate radium (see Chapter 3-9, this volume, for the preparation of solid sam
ples) or for characterization of particulate forms of radium (Chapter 3-9). In the 
latter case, the samples should be stored wet in a cool (~4°C), dark place. Drying 
of the samples may cause irreversible changes in radium form in the samples. If the 
particulate forms are to be separated later into classes by size, it is desirable to keep 
them in suspension and to avoid coagulation. 

3. ANALYSIS OF DISSOLVED FORMS OF RADIUM IN WATER 

As defined in Section 2.2, dissolved forms of radium are those capable of pass
ing through a membrane filter with a nominal pore size of 0.45 p.m and can comprise 



CHAPTER 3-10 279 

a variety of ionic, molecular and colloidal forms. It is useful to classify them, by 
analogy with the forms of other trace metals [1], into seven classes: simple hydrated 
Ra2+ ions, labile inorganic complexes, labile organic complexes, stable (inert) inor
ganic complexes, stable organic complexes, radium bound to inorganic colloids, and 
radium bound to organic colloids. Although not all of the classes correspond to exist
ing radium forms and can be distinguished by available methods, they represent the 
different natures and properties of possible forms and indicate the goals for future 
development of radium speciation procedures. 

3.1. Equilibrium calculation 

Basic information on radium forms in the aqueous phase of natural and waste 
water can be obtained by calculating the equilibrium constants characterizing the sta
bility of radium complexes and from the concentration of individual complexing 
ligands in the water phase. The calculation is complicated by the fact that only a few 
constants for radium complexes are known (Table I) [13-15]. However, values of 
the unknown constants can be estimated from known constants for analogous com
pounds of barium and strontium, the chemical analogues of radium. 

From the low stability constants of hydroxo-, chloride and nitrate complexes 
of barium and strontium [13], it can be deduced that formation of the analogous com
plexes of radium is negligible in aqueous solutions with pH less than 11 and those 
containing less than 0.01M free chlorides and nitrates, respectively. On the other 
hand, the stability constants of phosphate and thiosulphate complexes of barium and 
strontium suggest that a significant abundance of radium complexes with these 
ligands might occur in solutions containing these ligands at concentrations of 0.001 M 
and higher. Other possible components in natural water capable of binding radium 
might be natural organic substances whose affinities for radium are, however, 
unknown. It has been found, for instance, that humic substances in natural water can 
form dissolved or colloidal complexes with alkaline earths [16]. 

The conclusions derived from equilibrium calculations using known stability 
constants of radium are reported elsewhere in this publication (see, for instance, 
Chapter 4-3 in this volume). 

3.2. Model experiments 

As outlined in Section 1, radium can be added to an aqueous solution of desired 
composition or to a water sample from which suspended particles are removed and 
its speciation can be analysed using a suitable experimental procedure. In order to 
maintain the very low concentrations of radium encountered in environmental sam
ples and, at the same time to facilitate the measurement of radium, it is advisable 
to use a short lived radium isotope (e.g. 224Ra) as a radiotracer. Under favourable 
conditions, the behaviour of the added radium characterizes the speciation and 



280 BENES 

TABLE I. STABILITY CONSTANTS OF RADIUM COMPLEXES 
(FROM REFS [13-15]) 

Ligand 

so4
2-

S04
2" 

sof 
CO|" 

HC03" 

HCOj 

Pyruvic acid 

Fumaric acid 

Oxaloacetic acid 

Malic acid 

Succinic acid 

Tartaric acid 

Citric acid 

5-sulphosalicylic 

EDTAb 

EGTAC 

DTPAd 

Stability constant8 

log KSt> = -10.37 

log £, = 2.43 

log KSi = -7.94 

log Ky = 2.46 

log Ki = - 0 . 6 

log & = - 1 . 9 

log Kv = 0.89, 1.9 

log Kx = 1.6 

log Ki = 1.8 

log A-, = 0.95 

log Kx = 1.0 

log K{ = 1.24, 1.2 

log K (Ra2+ + HL3-

acid log K (Ra2+ + HL2" 

log Kx = 7.5 

log Kj = 7 . 7 

log ^ = 8.5 

^ RaHL") = 

^ RaHL) = 

= 2.0, 

= 1.9 

T 
(°C) 

20 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

2.36, 2.4 25 

25 

25 

25 

25 

Ionic 
strength 

0 

0 

0 

0 

0 

0 

0.16 

0.16 

0.16 

0.16 

0.16 

0.16 

0.16 

0.16 

0.1 

0.1 

0.1 

a For an explanation of the symbols, see Ref. [13]. 
b EDTA: ethylenediaminetetraacetic acid. 
c EGTA: ((ethylenedioxy)diethylenedinitrilo)tetraacetic acid. 
d DTPA: diethylenetriaminpentaacetic acid. 

behaviour of natural and technologically enhanced radium in the modelled environ
mental component. 'Favourable conditions' here mean that the composition of the 
model sample represents sufficiently well the composition of the modelled compo
nent and the establishment of equilibrium is sufficiently quick. The latter condition 
can be checked by following the time changes in the speciation, unless very slow 
processes occur in the sample. 
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TABLE H. ELECTROPHORETIC MOBILITY « + (IN 10"4 cm 2 - s _ 1 -V - 1 ) OF 
Ra-224 ADDED TO FILTERED WASTE AND RIVER WATER, AS A FUNC
TION OF THE TIME INTERVAL, t, BETWEEN ADDITION OF Ra-224 AND 
THE BEGINNING OF ELECTROPHORESIS, OF THE AGE OF THE SAMPLE 
T AND THE TYPE OF WATER [17] 

Wastewater River water A River water B 

17 d 17 d 15 d 

0.25 

1.0 
64 
124 
177 

5.64 
5.15 

5.00a 

4.99a 

4.92" 

0.25 

2.0 
67 
113 
179 

5.23 
4.75 

4.92a 

4.95 

4.73a 

0.5 
32 
78 
144 
212 

4.68 
4.34 

4.76 

4.86a 

4.95 

5.07 ± 0.11b «+ = 4.89 ± 0.09" = 4.74 ± 0.11" 

T = 126 d 

0.83 

18 
21 
24 
26 

5.39 

4.89 

5.19 
5.50 
5.32 

u+ = 5.26 ± 0.10b 

u+ = 5.14b 

T = 121 d 

0.83 

2.5 
24 
28 
47 

4.66 

5.50 

4.91 
4.87 
5.41 

u+ = 5.07 ± 0.16" 

«+ = 4.97b 

T= 114 d 

0.5 
0.83 

1.33 
20 
96 

4.79 

5.69 

4.95 
4.80a 

4.82a 

K+ = 4.96 ± 0.15b 

« + = 4.86
b 

a Average from two determinations. 
b Arithmetic mean and standard deviation of the mean calculated from all determinations 

taken individually. 

This approach was used for the analysis of radium speciation in aqueous solu

tions containing chlorides, sulphates and carbonates [15] and in filtered (0.45 fim) 

samples of waste and river water [17]. The radiotracer method (224Ra), in combina

tion with free liquid electrophoresis [18], was used. Free liquid electrophoresis is 

particularly suitable for the analysis of dissolved forms of radium as the shift in 

equilibrium among the forms encountered with most of the other methods is avoided. 
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The speciation of radium is derived from a mean radium mobility, u+, in the 
presence of complexing ligands as compared with the mobility of uncomplexed 
radium, «Ra

2+-
Electrophoretic mobilities of radium determined in 0.01M chloride solutions 

suggested that only Ra2+ cations were present at pH2-7. In solutions containing 
sulphates, carbonates and hydrogen carbonates in concentrations of 0.001-0.1M, the 
existence of significant amounts of radium complexes, such as RaS04, RaC03 and 
RaHC03-Ra(HC03)2, was detected and the stability constants of the complexes 
were determined. The results obtained with the water samples are shown in Table n . 
As can be seen, the mobility of 224Ra neither changed with the time interval, t, 
between the addition of 224Ra and the beginning of electrophoresis, nor with the 
age, T, of the sample. The former proves the absence of slow equilibration of the 
added radium in the samples and probably indicates that correspondence in the 
226Ra and 224Ra states was achieved in less than half an hour after the addition of 
224Ra. The method cannot give direct evidence for the absence of some inert form 
of 226Ra inaccessible for 224Ra. However, the existence of such a form is highly 
improbable. The independence of radium mobility with the age of the analysed sam
ples suggests that age had little influence on the chemical forms of radium in the sam
ples. In order to check whether the mobilities found were not influenced by an 
additional formation of particulate forms of 224Ra, some of the labelled filtrates 
were again filtered immediately before the electrophoresis. Negligible retention (less 
man 2%) of 224Ra on the filter indicated that radium was present only in dissolved 
forms. 

From all of these facts it can be concluded that the mobilities shown in Table II 
characterize the mean mobility of the original dissolved forms of 226Ra in the ana
lysed samples. The mobility is equal to 

1 " 
«+ = — y* x^i 

100 ~ 
1 = 1 

where X, is die percentage abundance of the i form of radium and K,- is the mobility 
of this form. The mobilities of radium forms other than Ra2+ and neutral com
plexes are not known. However, it is possible to calculate the maximum abundance 
of Ra2+ ions (XRa2+) among the dissolved forms of radium from the average values 
of the mean mobility (u+ given in the table), assuming that the mobility of all of the 
other forms is close to zero: 

X^l* = 100 M-(./MRa2 + 

where wRa2+ was determined to be equal to 5.94 cm2*s_1«V-1 in 0.01M NaCl and 
the resulting values ^ 2 + are 86.5%, 83.7% and 81.8%, which means that the 
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analysed samples contained substantial portions of dissolved radium in forms other 
than Ra2 + :>13.5%, >16.3% and > 18.2%. One of these forms was, without 
doubt, the ion pair RaS04, whose maximum abundances were calculated from the 
total concentration of sulphates in the analysed samples and from the stability con
stant Kx (RaS04), assuming that all of the sulphates present were free. After sub
tracting the abundances from the above data, it was concluded that a substantial part 
of the radium in the river water (> 11 % in sample A and > 14% in sample B) was 
present in some form with low mobility in an electric field, probably organic com
plexes or colloids. 

From the results presented it is evident that model experiments using the 
method described may provide useful information on dissolved forms of radium, but 
their exact evaluation is hampered by the low level of precision involved in the deter
mination of the electrophoretic mobility and by the lack of data on the mobility of 
complex forms of radium. 

3.3. Direct analysis 

No method has been described which could directly determine dissolved 
radium species in untreated water samples. Hence the analysis has to be carried out 
with water samples suitably pretreated in order to remove particulate forms of 
radium (see Section 2) or particulate and colloidal forms (see below). The samples 
can be analysed using liquid-liquid extraction, ion exchange, electrophoresis, elec
trode position, gel chromatography, adsorption and co-precipitation methods for 
ionic and molecular forms of radium, and by dialysis, electrodialysis, ultrafiltration, 
ultracentrifugation, diffusion, electrophoresis, ion exchange and adsorption for 
colloidal forms of radium. The methods are based on the different behaviour of 
different forms of radium; dieir use in trace element speciation is described in Refs 
[1, 4, 5, 19], with their general problems discussed in Section 1. Organically bound 
forms can be analysed by following the effect of the destruction of organic 
matter (by oxidation, or ultraviolet (UV) irradiation) on the behaviour of a trace 
element [4]. 

The extraction, ion exchange and other methods have the problem of causing 
a serious shift in equilibrium among the dissolved radium forms and cannot be used 
for the detection of labile forms of radium which readily dissociate to Ra2+ ions. 
For instance, passing waste or natural water through a cation exchanger column 
usually results in the retention of all dissolved radium on the column. The conclusion 
derived from this finding, that radium exists in the analysed water only in cationic 
forms [20, 21], must be considered to be incorrect. The passage of a part of dissolved 
radium through an ion exchange column does indicate the presence of non-ionic or 
oppositely charged forms of radium [22], but drawing quantitative conclusions 
regarding their abundance is difficult. 
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Electrophoresis and diffusion, which are not liable to cause a significant shift 
in equilibrium among radium forms, usually cannot be carried out with volumes of 
samples that are large enough for the determination of very low concentrations of 
naturally occurring radium. Consequently, electrophoresis has so far been used only 
for model experiments (see the preceding paragraph). The development of large 
volume modifications of both of the methods might contribute substantially to the 
analysis of dissolved radium forms. 

The colloidal forms of radium can be separated from ions and molecules hav
ing low molecular weight by ultrafiltration, ultracentrifugation and dialysis. The first 
two methods are also suitable for the characterization of the forms, but have not yet 
been used for the direct analysis of radium speciation in natural water. Ultrafiltration 
is known to be subject to significant adsorption losses of trace elements on the 
ultrafilter (see, for instance, Refs [23, 24]) and its use for analysis of larger volumes 
of water is very time consuming owing to the slow passage of water through 
ultrafilters with very small diameter pores (1-10 nm). The possible use of ultracen
trifugation is discussed in Section 4.3). 

Dialysis has already been employed for the direct analysis of radium forms 
[6, 22]. Its use can be complicated by the slow establishment of dialysis equilibrium, 
by the Donnan effect, and by the adsorption of radium on the membrane and on the 
walls of the dialysis cell. However, its special modification, in situ dialysis, is partic
ularly suitable for the analysis of natural water [23]. This method involves immers
ing a dialysis bag filled with filtered water directly into the natural water to be 
analysed (a stream, lake, etc.) and allowing the dialysis and adsorption equilibria to 
be established. The establishment of the equilibria will usually take several days, 
depending on the hydrodynamic conditions in the water body under analysis. Since 
the dialysis proceeds from a large volume of natural water into a small volume of 
water (0.1-1 L) in the bag, the natural equilibria among the various forms of radium 
are not disturbed and the Donnan effect is negligible. The results are not affected 
by adsorption on the dialysis membrane because any adsorption loss of radium is 
counterbalanced by diffusion from the natural water until adsorption equilibrium is 
established. Therefore, the equilibrium concentration and speciation of radium inside 
the dialysis bag correspond to the concentration and speciation of molecular and 
ionic forms of radium in the surrounding water. 

Because of the established adsorption equilibrium, it is possible to transport 
and store the dialysis bag for some time without causing significant changes in 
radium speciation in the solution, unless the speciation is affected by changes in the 
temperature and the atmosphere in contact with the bag. Under suitable conditions, 
in situ dialysis thus represents an excellent method for sampling ionic and molecular 
forms of radium for further analysis. 

The basic condition of this modification of the dialysis process is the establish
ment of dialysis equilibrium, which is rather slow. Therefore, the modification can
not be employed for the analysis of water systems where rapid changes in radium 
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concentration and/or speciation occur or where co-precipitation of radium with 
in situ formed solids takes place. This was found in the study of radium forms in 
effluents from a uranium mine purified by the precipitation of barium sulphate [6]. 
Because precipitation continued in the wastewater channel where the dialysis bags 
were immersed, barium sulphate precipitated inside the bags and co-precipitated 
radium. This led to the accumulation of larger concentrations of radium in the bags 
than the concentration of dissolved radium outside the bags. 

A special modification of in situ dialysis has been proposed [25] which could 
be useful for semicontinuous monitoring of ionic and molecular forms of radium in 
streams where rapid changes in the concentration of these forms occur. A dialysis 
cell filled with pure water and a suitable adsorbent or ion exchanger is immersed in 
the stream. Ionic and molecular forms of radium diffuse into the cell, where they 
are removed from the solution. If the concentration of the forms in solution inside 
the cell is maintained at a very low level, as compared with that outside the cell, the 
diffusion flow is directly proportional to their concentration in the stream water, and 
the mean stream concentration of the forms for the monitoring period can be deter
mined from the total amount of radium accumulated in the cell. However, the basic 
data necessary for the use of the method in the monitoring of radium have not yet 
been obtained. 

Because one method of analysis cannot provide enough information on the 
specification of a trace element, the methods are often combined. Probably the most 
comprehensive analytical scheme for trace metal speciation in natural water was that 
devised by Batley and Florence [26,27]. However, the scheme employs anodic strip
ping voltammetry and therefore is not fully applicable for radium. Paul and Pillai 
[22] combined cation exchange, anion exchange and dialysis for the analysis of dis
solved radium forms in river water. Their results are discussed in Chapter 4-3 in 
this volume. 

4. ANALYSIS OF PARTICULATE FORMS OF RADIUM IN WATER 

Particulate forms of radium in water are, by definition, retained on a 0.45 pm 
filter. They can represent radium adsorbed on, co-precipitated with, or incorporated 
by another mechanism into particulate matter suspended in water. The nature of the 
matter may vary from mineral particles through inorganic or organic precipitates and 
organic detritus to living organisms. There may also be a large variation in the 
radium bond with the matter. The analysis of the particulate forms is further compli
cated by me fact that the particles suspended in water are seldom composed of sim
ple, homogeneous solid phase, but rather represent agglomerates of different 
components whose structure is often complex or unknown. 
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4.1. Calculational methods 

Calculation of radium abundance and bonds in particulate forms is even more 
difficult man the computer characterization of dissolved forms of radium because of 
poor knowledge of the mechanisms and kinetics of radium interaction with sus
pended solids (see Chapter 4-3, this volume) and because of a lack of ther
modynamic data on the interaction. From the available data on the solubility of 
inorganic compounds of radium and its analogues, barium and strontium, it can be 
concluded, however, that precipitation (not co-precipitation) of inorganic radium 
compounds is limited to rather high concentrations of radium that are rarely encoun
tered in environmental samples (see Chapter 4-3, tins volume). In this connection, 
it is necessary to bear in mind that not only the solubility product of a compound, 
but also its molecular solubility must be exceeded. 

It is very difficult to predict the extent of radium adsorption on particulate 
solids suspended in natural and wastewater. The adsorption cannot be quantitatively 
described unless the concentration, composition and sorption properties of the parti
cles are known. Existing mathematical models of speciation which include interac
tion wkh suspended solids (see, for example, Refs [28-31]) oversimplify the 
interaction and suffer from a lack of input data. The results of such model calcula
tions can probably be considered reliable only if they indicate predominant existence 
in particulate or dissolved forms. 

4.2. Model experiments 

Two different approaches have been used for the characterization of particulate 
forms of radium by model experiments. Benes and Obdrzalek [17] determined the 
kinetics of radium uptake by solids suspended in filtered samples of waste and river 
water. 224Ra was added to the water samples in concentrations of 8-40 pg/L and its 
distribution between the solids and water phase, as determined by membrane filtra
tion, was followed as a function of time. Significant differences in the kinetics of 
radium uptake by the solids were observed between different samples, which were 
used for elucidation of the uptake (see Chapter 4-3, this volume, for details). 

The same authors analysed the radium bonds in solids labelled in this way 
using the method of selective dissolution (see the next paragraph) and determined the 
electrophoretic mobility of the labelled solids by free liquid electrophoresis. Large 
differences in the radium bonds were found between solids from river water and 
those from wastewater, reflecting the different nature of the solids and different 
mechanisms of radium uptake [32]. Despite the large error associated with the deter
mination of mobility it could be concluded that the average mobility of die solids was 
very low, indicating that their zeta potential was very low [17]. 
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4.3. Direct analysis 

The analysis of particulate forms of radium begins with the selection of 
methods for their separation from the water sample under analysis (see Section 2). 
The first classification can be made according to their size and/or density using 
sedimentation analysis, fractional filtration, diafiltration or centrifugation. Particu
late forms are thus divided into several fractions which can be further analysed for 
total radium, as described in Chapter 3-9 in this volume, or submitted for further 
characterization. The methods for size or density classification are generally known 
and their use deserves only a few comments. 

Fractional filtration or diafiltration can separate particulate matter into many 
fractions according to particle size, but the selectivity of the separation is limited by 
filter clogging and by adsorption of particles smaller than the nominal size of the 
filter. The problems connected with centrifugation were discussed briefly in 
Section 2.2. However, the method permits the characterization of particle density if 
its 'isodensity' modification (density gradient centrifugation) is used (see, for exam
ple, Refs [33, 34]). Lammers [35, 36] has shown that particles frequently encountered 
in natural water can be identified by their density and sedimentation coefficients as 
determined by centrifugation. 

Particles separated from water samples can be further characterized by analysis 
of their radium bond using, for instance, various methods of chemical extraction, as 
described in Section 5.3. Only one such method has yet been used for this purpose. 
Benes et al. [37] designed a 'selective dissolution' procedure for the characterization 
of particulate forms of radium in natural and wastewater containing barium sulphate. 
Particulate solids are first concentrated from 1-2 L of water by membrane filtration 
or by centrifugation into 20-50 mL of concentrate, which is then filtered through a 
small size (25 mm diameter) membrane filter. The solids retained on the filter are 
successively washed (by slow suction) with three selected solvents. 

Five mL of an aqueous solution of 0.1M NaCl and 60 mg/L SO|~ release 
'loosely bound' forms representing radium reversibly adsorbed on the surface of 
solids, which can easily be desorbed from the solids by a change in the composition 
of water or in other environmental conditions, and thus can become available for 
intake by organisms in ionic forms. Five mL of 1M HC1 with 60 mg/L SOf~ will 
dissolve 'acid soluble' radium, comprising radium co-precipitated or adsorbed on 
oxidic coatings, incorporated in acid soluble minerals and remaining adsorbed on 
other minerals after the first dissolution step. Twenty-five mL of a hot solution of 
0.11M ethylenediaminetetraacetic acid (EDTA) in 1.7M ammonium hydroxide 
should completely dissolve radium co-precipitated with barium sulphate. The rest of 
the radium remaining in the solids after washing is contained in the matrix of 
'crystalline detritus' and is dissolved after an acid digestion of the filter with the 
remaining solids. Solutions obtained in this way are analysed for radium by a suitable 
method. 
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Compositions and volumes of the selective solvents were chosen on the basis 
of model experiments carried out with solids labelled with radium. The method was 
successfully used for the analysis of a water system receiving uranium mine effluents 
(see Chapter 4-3, this volume). Control experiments have shown good correspon
dence between the total concentration of particulate forms of radium and the sum of 
the concentrations found in fractions distinguished by selective dissolution [32]. 
Storage of river water samples for 53 days before the analysis had a negligible effect 
on me bond of radium determined by this method. Nevertheless, it is recommended 
that the samples be analysed as soon as they are available and never to dry the sepa
rated solids before the analysis of the radium bond. 

Another possibility for characterizing the radium bond in suspended solids is 
analysis of the emanation of radon from solids. Moore [38] tried to determine the 
proportion of 226Ra associated with the near surface of particles suspended in 
Chesapeake Bay, USA. He placed the particulate matter separated by membrane 
filtration in an equilibrator and measured 222Rn released by the particles over two 
weeks. Radium activity determined in this way was compared with radium leached 
from the same particles with 6M HC1. However, the analysis did not yield the 
expected results and the author himself expressed doubts about the method. 

5. FORMS OF RADIUM IN ENVIRONMENTAL SOLIDS 

An immense variability of solids exists in the environment, many of them being 
multicomponent mixtures. Data on radium bonding in the solids are rather scarce. 
Most of the data were obtained from soil and water sediments, some information 
exists on radium in rocks, while very few data pertain to living or dead organisms. 
The problem of the radium bond or speciation in the solids can be divided into three 
basic questions: 

(a) With which component of the mixture is radium associated? 
(b) What is the nature of radium bonding to the component (i.e. what is the charac

ter of the bond and the composition of the radium species bonded)? 
(c) To what site of the component is the radium bound? 

These questions can hardly be answered here, but considerable advances can be 
expected if the development of theoretical and experimental methods to answer these 
questions continues at its present pace. 

5.1. Calculational methods and model experiments 

The calculational methods available seek to either predict a trace element 
distribution among solid components in a multicomponent system, usually in contact 
with a water phase mediating the distribution [39-41], or predict the trace element 
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species adsorbed in simple systems [42, 43]. Only the last reference includes a con
sideration of radium. 

Because the interaction of radium with solids and radium bonds in solids is 
very important for radium migration in the environment, there have been numerous 
studies which modelled the interaction by laboratory experiments. Some of the 
studies also investigated the radium bond in solids. These studies are described in 
the corresponding chapters in Part 4 of this volume, on the environmental migration 
of radium (see, for instance, Chapter 4-3). 

5.2. Sampling, sample storage and pretreatment 

The methods for direct experimental analysis of the radium bond (speciation) 
in environmental solids are analogous to those described for particulate forms of 
radium in water (Section 4.3), but they are of greater diversity and application for 
radium analysis. Sampling and storage of solid samples for the analysis should 
ensure representativeness of the sample, which includes the requirement that the 
form and distribution of radium in the sample must not change during sampling and 
storage [44, 45]. Fulfilment of this requirement depends on the nature of the sample. 
Samples undergoing easy decomposition or other changes should be analysed as soon 
as possible after the sampling or, if necessary, stored in a cold, dark place. Freezing 
of some samples might change their radium speciation. Drying of water sediments 
and biological samples before the analysis for radium speciation should generally be 
avoided. 

Some samples have to be prepared for analysis by suitable crushing or grinding 
(e.g. rocks, some biological materials), while other samples should not be pretreated 
in this way (water sediments, soil). In a multicomponent system it is possible to 
separate the components and to analyse them separately for radium. It is imperative 
that the separation method used does not affect the radium distribution among the 
components. Further important requirements are sufficient selectivity of the separa
tion and exact identification of the separated components. 

5.3. Chemical extraction 

The separation of components can also be achieved by dissolution of selected 
components, for instance by the method of selective dissolution described in 
Section 4.3. This method belongs to the large family of chemical extraction methods 
which not only permit separation of the components by dissolution, but also seek to 
distinguish between different species of trace elements in the solids or different sites 
to which a trace element is bound in individual solids. Many of the methods have 
been designed to estimate the bioavailability of trace elements in soil and sediments. 
The principles and limitations of the methods have been sufficiently well discussed 
in the literature [19, 45-53] and therefore the discussion here will be confined to the 
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most important general conclusions and to the use of the methods for die analysis 
only of radium. 

5.3.1. General features 

The biggest problem with chemical extraction procedures is low selectivity of 
the extractions for several reasons: 

(a) The extractants often not only do not quantitatively release the expected 
form(s), but also attack the unwanted forms of a trace element; 

(b) The extraction may significantly change the abundance or properties of unex-
tracted components of the sample; 

(c) The extracted element can readsorb on the residue; 
(d) The extent of all of the phenomena mentioned above depends on the duration 

of the extraction, the solid/extractant ratio, the composition of the analysed 
solid and, with the exception of (b), on the nature of the extracted element. 
This virtually eliminates the possibility of corrections to phenomena (a)-(c) 
and makes exact specification of the extracted forms difficult. Probably the 
most ill defined category is the 'ion exchangeable' fraction of a trace element. 

Other problems are connected with surface coatings ('armoring', Ref. [48]), mutual 
effects of components of the solids, etc. In summary, the forms of trace elements 
contained in environmental solids can be classified only roughly by operationally 
defined classes. The comparability of results obtained by different authors is, 
however, complicated by the existing abundance of different speciation procedures 
and therefore a standardization is desirable. Salomons and Foerstner [19, 54] sug
gested a 'standard extraction memod' for this purpose. 

A variety of extraction procedures were used for the analysis of the radium 
bond in solids, ranging from simple extractions with one extractant, through simple 
extractions with several extractants, to complicated multistage sequential proce
dures. The extractions were evaluated either from the concentration of radium found 
in individual extracts or from the difference between radium content in the analysed 
solids before and after the extraction. The latter evaluation can be easily carried out 
using gamma spectrometry (see, for example, Refs [55, 56]). 

5.3.2. Simple extraction 

The simple procedures have been used for rather diverse purposes. Some of 
them seek to determine the quantity of radium available for biological uptake. For 
instance, Marple [57] considered extraction of uranium mill tailings and soil with a 
1M solution of calcium chloride as the best procedure for the determination of the 
radium available for plants. Kalin and Sharma [58] used extraction with water for 
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the same purpose. Oliveira et al. [59] determined the exchangeable fraction of 
radium in soil by extraction with a 1M ammonium acetate solution. 

Other procedures were used to characterize the strength or nature of the radium 
bond in solids. Rusanova [60] used parallel leaching of soil with water and 1M solu
tions of potassium chloride and hydrochloric acid for the determination of the 
strength of the radium bond with soil; she used a solid/solution ratio of 1:5 and 
5 min of shaking at room temperature. Later [61], she replaced potassium chloride 
wim 1M calcium chloride and analysed the extractability of radium from soil and 
crushed plants for 25 h at ratios of 1:5 and 1:10, respectively. She concluded that 
a great part of the radium in the aerial part of the plants was leachable even with 
water (18-80%). 

Taskaev et al. [62] studied the leaching of radium from soil using 0.1M solu
tions of six inorganic salts at variable pH values with the aim of characterizing the 
radium bond in the soil. However, no clear relation between the composition of the 
extractant, its leaching ability and the radium bond could be established. The same 
authors later studied the forms of radium in soil, the overground parts of plants and 
in litterfall [63], and in soil [64]. In the former case, leaching, with distilled water, 
0.1M solutions of hydrochloric acid, Trilon B, potassium chloride or nitrate, was 
studied at a 1:10 solid/solution ratio for 48 h. The authors discussed the possible 
forms of radium in the samples studied, but failed to elucidate the teachability of the 
forms by the extractants used. In the latter case, extractions with water and 0.1M 
solutions of ammonium acetate, tartaric, citric and hydrochloric acids were carried 
out. The authors assumed that water extracted neutral and negatively charged radium 
complexes with organic ligands, while ammonium acetate released exchangeable 
forms of radium and organic acids leached radium from mineral components of soil. 

Williams [65] analysed the availability of radium bound in several types of soil 
to a soil solution using parallel extractions with water, a 1M solution of ammonium 
acetate and 5 % nitric acid. His concept of availability was based on the chemical 
state of the radium in soil, but no interpretation of the chemical forms was given. 
Megumi [55] investigated the location of radium in soil by means of three parallel 
chemical extractions: 18 g of a separated soil sample shaken for 1 h with 180 mL 
of a 1M solution of ammonium acetate, or stirred for 2 h with 900 mL of a 0.275M 
solution of ammonium oxalate (pH3.3), or boiled with concentrated hydrochloric 
acid. These procedures sufficed for the determination of radium adsorbed on the sur
face of soil particles as exchangeable ions held by Coulomb forces, radium bound 
to goethite, and all soluble radium in the sample. 

Arkhipov et al. [66] distinguished water soluble, exchangeable and acid soluble 
forms of radium in soil using parallel extractions with distilled water, ammonium 
acetate buffer (pH4.8) and 1M HC1. The solid/solution ratio was 1:5. Joshi et al. 
[67] used the extraction of radium with EDTA to determine the "surface labile 
activity" of 228Ra in estuarine sediments. They extracted 10 g of the sediments for 
8 h with 300 mL of 5 % EDTA solution with a pH of 8. The suspension was allowed 
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to settle overnight and the supernatant was filtered through a 0.22 /xm membrane 
filter. The procedure was repeated three times and the filtrates were pooled together. 
The same technique was employed by Joshi et al. [68] to determine the quantity of 
organically bound radium in estuarine sediments. No information was given on the 
selectivity of this procedure. 

Paul and Pillai [22] used simple alkaline extraction for the determination of 
radium bound by humic substances in river sediments. The extract of the substances 
was purified by dialysis and ion exchange and the substances were then destroyed 
with concentrated nitric acid. Azevedo et al. [69] used the technique of the leaching 
of river sediments with a 0.5M HC1 solution to determine "nondetrital" radium in 
water sediments. Five g of dried and sieved (< 0.177 mm) sediments were extracted 
with 100 mL of the solution overnight with continuous shaking. The mixture was 
centrifuged and the supernatant was filtered through a 0.45 /*m membrane filter. 

5.3.3. Sequential extraction 

Simple extractions generally suffer from the low resolving power of single or 
parallel extractions. In parallel extractions, there is usually a large overlapping of 
radium forms leached by different extractants. In order to enhance the resolving 
power of chemical extraction, sequential extraction procedures are employed. In 
doing this it is hoped that one extractant will nearly quantitatively remove one or 
more forms of radium, which then will not appear in the subsequent extract. 

This approach was first used in the analysis of radium forms in wastewater and 
riverbed sediments by Sebesta et al. [9], who modified the method of selective 
dissolution for this purpose [37] (see Section 4.3). The modification consisted of a 
change in the dissolution arrangement. Instead of washing the solids on a filter, 
0.1-0.5 g of sediment was stirred with the extractants in centrifugation tubes for 
60 min, the separation of phases then being achieved by centrifugation at 4500g for 
10 min. The volumes, order and composition of the extractants were the same as 
indicated in Section 4.3. 

The authors later also employed this method in the analysis of the radium bond 
in uranium mill tailings [70]. It proved necessary to introduce one additional step to 
the procedure, namely the washing of the tailings prior to the extraction process 
described above. The washing was achieved by stirring the tailings with distilled 
water at a solid/water ratio of 0.02 g/mL at room temperature for 2 h and by subse
quent centrifugation. The washing removed from the samples a large portion of solu
ble sulphates which might otherwise have interfered with subsequent extractions. It 
was found that very little radium was released (0.1-2.7%) by the washing. The 
results of the extraction procedures revealed large differences in the radium bond in 
tailings from different regions and proved the usefulness of the method for the pur
poses described here. Analysis of the results indicated that the washing probably did 
not substantially alter the speciation of radium in the tailings. 
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Virtually the same technique was used by Fourcade and Zettwoog [71] and by 
Chuiton and Zettwoog [72] in the analysis of river sediments and uranium mill tail
ings, respectively. The latter authors investigated the selectivity of the individual 
extraction steps by determining the elements dissolved together with radium and 
checking the effect of stirring, the solid/extractant ratio and the contact time. They 
found that radium dissolved from calcium sulphate contained in tailings to water is 
significantly readsorbed. 

Several authors employed the method of sequential extraction developed by 
Tessier et al. [49]. This method, referred to hereafter as TCB, can distinguish 
between five classes of radium species: 

(a) Exchangeable radium is extracted under continuous agitation for 1 h with 8 mL 
of a 1M magnesium chloride solution at pH7 at room temperature from 1 g 
of a sample. 

(b) Radium bound to carbonates is extracted under continuous agitation from the 
residue of the procedure described in (a) above for 5 h with 8 mL of 1M 
sodium acetate adjusted to pH5.0 with concentrated acetic acid. After 2 h of 
extraction, the pH is readjusted to 5.0, again with acetic acid. 

(c) Radium bound to iron-manganese oxides is released, by occasional agitation, 
from the residue from (b) by 6 h of leaching at 96 ± 3°C with 20 mL of 0.04M 
NH2OH.HCl in 25% (vol./vol.) acetic acid. 

(d) Radium bound to organic matter (and to sulphides in some samples) can be 
determined after extraction from the residue from (a) with an acidic solution 
of hydrogen peroxide. Three mL of 0.02M nitric acid and 5 mL of 30% perox
ide adjusted to pH2 with nitric acid are added to the residue. The mixture is 
heated to 85 ± 2°C and maintained at this temperature for 2 h with occasional 
agitation. A second 3 mL aliquot of the adjusted 30% peroxide is added and 
the mixture is occasionally agitated for 3 h at 85 ± 2°C. After cooling, 5 mL 
of 3.2M ammonium nitrate in 20% (vol./vol.) nitric acid is added, the sample 
is diluted to 20 mL and agitated for 30 min. 

(e) Residual radium remaining in the residue after step (d) is determined after acid 
digestion of the sample with, successively, 12 mL of a 2:1 mixture of concen
trated HF and HC104, 12 mL of a 5:1 mixture of concentrated HF and HC104 

and with 2 mL of concentrated HC104. The residue is dissolved in 30 mL of 
3M HC1. 

Using this method, Cooper et al. [56] analysed air dried, thoroughly ground and 
homogenized stream sediments. Between successive extractions, the residues were 
collected by centrifugation (3000 rev./min for 30 min) and washed with 80 mL of 
deionized water. A fair agreement between parallel analyses indicated good repro
ducibility of the TCB procedure, but the pretreatment of sediments may have 
influenced the results. 
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Azevedo and Schiittelkopf [73] compared the results on radium speciation in 
creek sediments obtained by a TCB procedure with those obtained using extraction 
of the sediments with 0.5M HC1 (method by Agemian and Chau [74]) and using 
sequential extraction as developed by Gupta and Chen [47]. In the former case, 
'residual' and 'non-residual' fractions of radium determined by both of the methods 
were compared. The non-residual fraction leached with 0.5M HC1 was slightly 
smaller than the sum of the first four fractions determined by the TCB method. In 
the latter case, radium fractions bound to iron-manganese oxides and organic matter 
were compared. The method by Gupta and Chen [47] gave a higher proportion of 
radium bound to organic matter. 

The TCB method was also employed by Teixeira and Penna Franca [75] for 
speciation of 226Ra added to agricultural soil. Radium was found to be pre
dominantly bound to iron-manganese oxides and organic matter. Vos et al. [76] 
developed a sequential extraction procedure using a series of organic solvents 
(dimethylformamide, glacial acetic acid and triethylamine) in an attempt to catego
rize in more detail radium associated with organic components of sediments and soil. 
Sediments or soil (5-32 g) were consecutively extracted in a Soxhlet apparatus with 
200 mL portions of the solvents at the boiling point of the respective solvent until 
no colour remained in the extracting solvent (4-41 h). The use of Soxhlet extraction 
should overcome the problem of the incomplete extraction of radium and of the read-
sorption of extracted radium. It was shown that the order of the extractants could 
significantly affect the extractability of radium. In most cases, however, only acetic 
acid extracted significant amounts of radium. The authors attributed this finding to 
the acidic nature of this organic solvent and concluded that radium was not present 
as discrete molecules composed of radium atoms and organic ligands. They com
pared the proposed procedure with the TCB method and found that acetic acid 
extracted most of the radium classified by the TCB method as "bound to organic 
matter" and part of the radium classified as "exchangeable" and "bound to Fe-Mn 
oxides". Sequential extraction with organic solvents does not appear to provide any 
substantial advantages over other speciation methods. 
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1. INTRODUCTION 

In this chapter the published interlaboratory comparisons of radium analysis 
are reviewed. A wide variety of methods have been used and often the samples have 
had low activity. To adequately compare the performance of laboratories across such 
differences it was necessary to develop a general error model to distinguish between 
random variations (precision) and systematic variations (accuracy). Also, there are 
sources of error in the integral counting of 226Ra and its daughters that are unique 
to this decay chain. 

Precision in this chapter means the repeatability of measurement with a parti
cular calibrated procedure. Accuracy is a measure of the agreement between 
calibrated procedures and between laboratories. The purpose of interlaboratory 
comparison is to reconcile discrepancies between these two measures of perfor
mance. What constitutes an acceptable standard of analytical accuracy? At least three 
different standards have been used in the interlaboratory comparisons of 226Ra and 
228Ra analysis that are reviewed here. Jarvis et al. [1] and Shawver [2], for 
example, concluded that because about 80% of laboratory means fell within 
3 standard deviations (SDs) of the grand mean, their results were "satisfactory". 
This standard of accuracy is inadequate because it makes no judgement on the size 
of the acceptable error. The SD of a normal distribution can be much larger than 
that which is either achievable or acceptable by the participating laboratories or their 
clients. Incidentally, in these cases the data do not fit normal distributions because 
about 99% of laboratory means from a normal distribution should fall within 
± 3 SDs of the grand mean. 
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A different standard was used in the Geochemical Ocean Sections Study 
(GEOSECS) comparison; Chung et al. [3] found systematic differences between 
laboratories and concluded that the results were therefore unsatisfactory. This 
standard is also inadequate because it ignores the influence of sample size which, in 
the GEOSECS study, is much larger than in any other study; if this same comparison 
had been based on a single sample it would not have detected any difference between 
these laboratories. 

A third type of standard was used by Pszonicki et al. [4]; they were satisfied 
with their performance because the "relative confidence interval for the median ... 
was less than ±20%". When this standard is combined with the +3 SD criterion, 
it permits laboratories that differ by as much as fourfold to agree. This is clearly 
inadequate when many laboratories have established that they can measure radium 
with a precision that is 20-40 times greater than this. 

Each of the above examples illustrates one criterion that is necessary to define 
an adequate standard of accuracy, but the three must be combined to be sufficient. 
Precision must provide the lower limit for a definition of agreement; two laboratories 
cannot be expected to agree more closely than either laboratory can agree with itself 
during repeated analysis of the same material. Precision increases asymptotically 
with the number of samples used in the comparison, so the level of agreement must 
be defined by a specified sample size. Maximum precision may require about one 
hundred samples, but until agreement can be reached on the analysis of one sample 
it is premature to use large numbers of samples. As the minimum possible sample 
size is one, the minimum definition of agreement must be that the results fall within 
the precision of repeated analysis of one sample. The number of participating labora
tories should also be taken into account because the more laboratories that are 
participating, the greater the probability of 'deviant' results. A limit should also be 
placed on the magnitude of 'acceptable' precision; if all the participants do careless 
work the precision will be so poor that differences will not be detected and all 
participants will seem to 'agree'. Errors conforming to a normal distribution cannot 
have a coefficient of variation (CV) greater than about 30%, so this gives a theore
tical upper limit, but this is much larger than that routinely reported in the literature. 
Recommendations on acceptable precision are made at the end of this chapter. 

This combination of standards of accuracy should permit differences that 
cannot be adequately measured to be ignored, but should prevent the ignoring of 
differences that can be measured. It can be applied to the published intercomparison 
data by first defining a general model of precision and then comparing the model 
predictions with the differences between laboratories; differences that go beyond the 
predicted precision probably indicate the influence of systematic or gross error. 
Systematic errors arise from sources of variation that are overlooked in sample 
preparation and/or analysis and gross errors are accidents resulting from contamina
tion or loss of the sample or mistakes in identification of samples or transcription 
of results. 
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2. A PRECISION MODEL FOR RADIUM ANALYSIS 

Four sources of variability affect the analysis of unknown samples: radioactive 
decay, random errors associated with sample handling and calibration, dependence 
among the members of decay chains (relevant to integral counting methods only) and 
gross errors. 

2.1. Radioactive decay 

Radioactive atoms decay spontaneously and independently, resulting in a 
Poisson distribution of detected counting events in which the variance is equal to the 
expected number of counts (AO: 

var N = N (1) 

The behaviour of this 'counting error' is usually described by assuming that the 
number of counts is large enough to be approximated by a normal distribution 
with a variance equal to the mean. This approximation may not be valid for low 
background counters near the limit of detection, but otherwise it is generally 
applicable [5]. 

It is sometimes assumed that the counting error is the only error involved in 
radiochemical analysis (e.g. Ref. [6]), but there are also random errors associated 
with calibration, volumetric and mass manipulations, and machine and operator 
variation [7], as well as gross errors with unpredictable sizes and frequencies. Since 
none of these errors are Poisson processes, they cannot be incorporated into the usual 
error formulas derived from Eq. (1). In practice, most analysts recognize the 
existence of non-counting errors, for example, 19 out of 23 laboratories reported 
from an intercomparison by Pszonicki et al. [4] were able to quote error estimates 
for both the counting stage and for the complete analytical procedure, but the theory 
for calculating the latter estimate is not well known. 

2.2. Random non-Poisson errors 

Sarmiento et al. [8] used a precision model that included empirical terms for 
the variance of the background, the blank activity, the volumetric manipulations and 
calibration against standard samples. In a typical sample in which the activity of 
222Rn was 1 mBq/kg and the CV was 6.3%, they found 58.4% of the variation 
associated with the calibration error, 32.1% with radon decay, 7.4% with variation 
in the blank activity, 1.4% with variation in the background and 0.7% with the 
volumetric manipulations. Williams et al. [9] found a calibration error of 7% CV, 
of which 4% was accounted for by replicate analysis of single samples (see also 
Ref. [10] for correspondence on the method and the correction for decay 
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dependence). Lucas and Markun [11] reported that the variation between counting 
systems was about 0.5% and about 2% between counting chambers. Jonassen and 
Clements [12] included a normally distributed calibration error term in their model, 
but did not investigate its significance. Lucas [13] quoted a calibration error of 
<0.9% for the emanation method, Mastinu [14] found 5.4% and Key et al. [15] 
found 2.4%. 

Calibration is achieved by regular and repeated measurement of standard 
samples to determine the count yield per disintegration (efficiency). The variation 
in these measurements is the same as that which occurs during the measurement of 
unknown samples, so the accuracy of the unknown determination will depend on the 
sum of the uncertainty in the calibration measurements plus the uncertainty in the 
measurement of the unknown. Doubling the calibration error should thus give a 
minimum estimate of the random non-Poisson variation that can be expected from 
a measuring system. The largest reported calibration error is 7% [9, 10] and this 
doubled (note that the fractional variances are added [16]) gives 9.9% (say 10%). 
Sampling/calibration errors derived in this way will appear in the model as the term / 
(Eq. (13)) representing all of the factors that convert the counting data into activity 
per mass; a default value of 10% is used if no other information is available. 

2.3. Dependence among members of the decay chain 

Another source of uncertainty in methods of analysis based on the integral 
counting of radium or radon and their daughters is the dependence that exists 
between adjacent members of the decay chain. The Poisson distribution applies only 
to independent events, but during the counting times commonly used in low level 
work (10-1000 minutes) any decay of radon or its first three daughters would most 
likely be followed by the decay of other members of the chain. Thus, not all of the 
observed counts are independent events and if the Poisson distribution is used it will 
underestimate the true variance of the result. Lucas and Woodward [17] approached 
this problem by introducing a factor, J, into the Poisson formula to represent the 
increase in the ratio of the variance to the mean that results from dependence: 

var N = JN (2) 

They calculated the value of / for a variety of separation and counting times as 
follows. 

First, they assumed that all atoms begin as radon at the time of separation from 
the parent radium, t0, and that the probability of any atom being in state / at time tx 

is the probability of the transition 1 to i, P(\,i;t{), where i can take values from 
1 to 6, corresponding to the members of the decay chain 222Rn, 218Po, 2I4Pb, 214Bi, 
2l4Po and 210Pb. Branching occurs at three places in this decay chain to include the 
isotopes 218At, 218Rn and 210T1, but they can be ignored because the yields are all 
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< 0.1 %. The probability that any given transition i to j will occur in some later 
counting interval At is then P(iJ;At). These two probability functions are evaluated 
from the appropriate Bateman equations [18]. The probability, q(h), that any one 
family (a radon atom plus its daughters) will produce h counts in At can then be 
calculated from 

6 6 

q{h) = £ £ P{l,i\h) P(j,j;At) D(i,i;h) (3) 
j=i i = i 

where D(i,j,h) is the probability that h counts will be recorded from the transition 
i,j. The decay events are not detected with 100% efficiency, so D is calculated from 
a binomial distribution, where the proportion of events detected is equal to the 
measured efficiency per disintegration. 

The expected number of alpha counts from any family (m) is then 

3 

m = £ q(h)h (4) 

and the variance of m is: 

3 

v a r m = £ h2q(h) - m2 (5) 
h=0 

SO 

_ var m 

m 

Evaluation of the Bateman equations is rather laborious, so some approxima
tions have been developed to simplify the calculations. Sarmiento et al. [8] 
developed two approximations and Key [19] compared these with the Lucas and 
Woodward method [17]; Key concluded that the Sarmiento approximations were 
useful for counting times greater than 300 minutes, otherwise the Lucas and 
Woodward method was preferred. Jonassen and Clements [12] compared a full 
Bateman solution and an approximation, based on the calculated radon activity, with 
experimental values for the SD of serial measurements of radon in air. Their 
approximation generally overestimated and the Bateman model consistently under
estimated the experimental results. 

Many routine analyses are carried out with counting times of less than 
300 minutes so, following Lucas and Woodward [17], the full Bateman solution was 
used here in the general model to represent the contribution of decay product 
dependence. 
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2.4. Gross errors 

When any reasonably precise measurement method is applied repeatedly to a 
single object of measurement the errors usually conform to the normal probability 
distribution. A gross error is a result that lies outside the bounds set by replicate 
analysis and/or the confidence interval based on the normal distribution. The 
magnitude of a gross error is determined by processes other than that being 
measured, so it must be excluded before the normal error model can be applied to 
the data. Although there are many statistical tests for detecting 'outliers' (see, for 
example, Ref. [20]), they commonly require a sample size much greater than one 
so the benefits of gross error detection need to be weighed against the cost of 
replicate analysis. Williams et al. [9, 10] investigated the probability of detecting 
gross errors with as few replicates as possible and found that duplicate analysis 
provides at least one measurement that is free of gross error with 96% confidence 
for systems in which the frequency of gross error is up to 20%, and 99% confidence 
if the frequency of gross error is 10% or less. If at least one of a pair of duplicate 
samples is free of gross error, then a range test can be used to detect the presence 
of gross error in the other sample. The probability of gross error can then be 
combined with the probability of predictable error to provide a more reliable estimate 
of the confidence interval. 

The frequency of gross error is rarely quoted in papers on methodology. 
Heinonen [21] studied a variety of radiochemical methods for environmental 
materials and found that the gross error frequency could be as high as 30%. In 
226Ra analysis it has been variously reported as < 1% [4]; 4% [22]; 5-10% [9, 10]; 
7-25% [23]; and up to 50% in results from two commercial laboratories reported 
by Williams et al. [9, 10]. 

2.5. The model 

The combined Poisson-normal model of Williams et al. [9, 10] summarizes 
the major components of the general model: 

A = CF (6) 

where A is the calculated activity (in Bq/unit mass), C the net counting data and F 
represents the factors used to convert the counting data into activity units. According 
to the rules of linear error propagation [16], the fractional variance of A is the sum 
of the fractional variances of C and F: 

var A var C var F 

A1 C2 F2 



CHAPTER 3-11 307 

The net number of counts (C) resulting from the initial radium or radon activity 
is usually calculated as follows: 

C = G - Bi - B2 (8) 

where G is the gross count, By is the count resulting from the background and B2 

is the count from the blank activity. The variance of C is thus the sum of the 
variances of G, B1 and B2. The background consists of relatively stable long lived 
sources of radiation and it is here assumed to be a Poisson variable that does not need 
adjusting for dependence: 

var Bx = B{ (9) 

The blank usually consists of radon emanating from the apparatus and the reagents 
and it is assumed here to be Poisson distributed, with adjustment for dependence: 

var B2 = JB2 (10) 

The variance of the gross count consists of the Poisson distributed background and 
the radon and daughter activity from the sample and blank, corrected for decay: 

var G = J(G- By) + By (11) 

Combining Eqs (9)-(ll) then gives 

var C = JG-JBi + 2BX + JB2 (12) 

which, when substituted into Eq. (7) and rearranged, provides a general model in 
terms of the SD: 

= A [ ( ^ - - " I +2gi +-»2) + ,2] 
0.5 

where/is the fractional SD of the normal error component (the sampling/calibration 
error). 

A listing of the computer program, written in FORTRAN 77, is available from 
the author. 
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FIG. 1. Variation of J with counting time for alpha and alpha-beta integral counting for 
separation times ranging from 1 to 100 h. The 100 h separation time gives the highest value 
of J at a counting time of 100 h. (—: alpha-beta counting; — : alpha counting.) 

3. BEHAVIOUR OF THE PRECISION MODEL 

3.1. The variation of / 

The calculated variation of J with time for alpha counting is illustrated in 
Fig. 1. A solution for alpha-beta liquid scintillation counting is also included for 
comparison; it is incorrect in that the model assumes an equal detection efficiency 
for both alpha and beta disintegrations (80%, Ref. [24]). Lucas and Woodward [17] 
assumed that all alpha disintegrations were detected with equal efficiency and 
Sarmiento et al. [8] reported measurements in support of this assumption. However, 
as beta particles have lower energies and a different spectral distribution to alpha 
articles [25], they are probably detected with different efficiency. 

For short counting times most of the decays are independent events and the 
value of / is close to 1. In all cases a maximum occurs between 3 and 10 h, which 
corresponds to the average lifetime of a radon family. The curves in Fig. 1 were 
calculated for separation times ranging from 1 to 100 h; there is little effect for 
counting times up to 10 h, but for longer counting times and a separation time of 
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FIG. 2. The precision error, expressed as the CV (%), predicted by the three theoretical 
models for alpha counting of a 10 mBq sample, where B/ = 3 counts/h, B2 — 4.2 counts/h 
andf = 0.07. ( .- correctedPNmodel; .• LWmodel; .• simple Poisson model.) 

100 h (or 1000 h, Ref. [17]), J remains somewhat higher. The maximum value of 
J on the alpha counting curve is 2.3 (Lucas and Woodward calculated 2.5) and on 
the alpha-beta counting curve it is 3.8. 

3.2. The predicted precision 

To distinguish between the errors associated with radioactive decay, depen
dence among radon daughters and the non-Poisson processes, three variations of 
Eq. (13) were examined: the full model (called the corrected Poisson-normal (PN) 
model); / se t to zero (the Lucas and Woodward (LW) model); and / se t to zero and 
J set to unity (the simple Poisson (SP) model). The precision predicted by the three 
models for alpha counting an activity of 10 mBq is illustrated in Fig. 2. 

At short counting times there is no difference between the models because only 
a few counting events are recorded and the random nature of radioactive decay is 
the dominant error source. The dependence of the precision on the number of count
ing events was examined by Williams et al. [9, 10]; optimum precision is attained 
when 100-10 000 gross counts are observed, but when fewer than 100 counts are 
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FIG. 3. Experimental determination of the precision error for Ra analysis by alpha 
counting of radon compared with the prediction of the three theoretical models. • : quintupli-
cate water samples from Refs [9, 10]; o : repeated measurement of single air samples from 
Ref. [12]. ( : corrected PN model; : LW model; : simple Poisson model.) 

observed the error becomes very large. The effect of decay chain dependence in 
Fig. 2 is greatest between 3 and 10 h, when J is largest. The non-Poisson component 
dominates the error in the region from 1 to 100 h and, since these times are 
commonly used in environmental studies, this component clearly cannot be ignored. 
Counting times of less than one hour give very large errors. Samples with higher 
activity would yield more counts in a given counting time, so the transition from a 
counting dominant error to a calibration dominant error will occur at a shorter count
ing time (see examples in Refs [9, 10]). 

3.3. Comparison between models and measurements 

The predictions of the three models are compared with experimental data for 
alpha counting from Jonassen and Clements [12] and Williams et al. [9, 10] in 
Fig. 3. The SDs were calculated from 11 serial measurements of single samples of 
radon in air by the former authors and from five replicate water samples by the latter. 
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The LW model gives similar results to the corrected PN model in the range 
1-100 mBq, where the random nature of decay is dominant, but the LW model 
becomes systematically lower beyond this activity. The SP model is lower at all 
activities. 

The predictions are based on counting times ranging from 16 h for the lowest 
activities to 1 h for the highest activities; the inflections in the curves in Fig. 3 result 
from these changes in counting time. Jonassen and Clement's calculations were made 
at 0.5 h, so the LW estimates here are a little lower than their calculated values. The 
replicate water samples yield a similar error to the serial air measurements at about 
100 mBq, again reflecting the dominance of the decay component over the non-
Poisson component at this activity. At about 1000 mBq, however, the non-Poisson 
errors begin to dominate in the replicate water samples, making them systematically 
higher than the serial air measurements. The corrected PN model clearly gives the 
best fit when sampling error is included in the data. 

TABLE I. RELATIVE IMPORTANCE OF THE INPUT PARAMETERS TO 
THE OUTPUT OF THE PRECISION ERROR MODEL FOR A 10 mBq SAMPLE 
COUNTED FOR 1.6 AND 16 h 

Relative importance 

Activity 

1.6 h 16 h 

Parameter 

Sample mass 

Counting time 

Gross count (G) 

Efficiency 

Calibration error (f) 

Blank count (B2) 

Background count (BJ) 

Separation time 

82 

82 

100 

82 

. 0 

5 

4 

0 

82 

82 

100 

82 

0 

5 

4 

0 

SD 

1.6 h 16 h 

100 

94 

59 

79 

12 

2 

1 

1 

98 

100 

89 

87 

60 

2 

3 

0 

Note: The parameter values used in the experiment are given in the text. The numbers are 
the absolute sums of the main effect and interaction measures from analysis of a 
systematic fractional replicate experiment, scaled and rounded to the range 0-100. 
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3.4. Relative importance of the model input parameters 

To identify and reduce the causes of variation in radium analysis, it is neces
sary to know which factors contribute the most to that variation. The model contains 
eight input parameters: gross count, G; background count, B\\ blank count, B2; 
sample mass; separation time; counting time; efficiency; and sampling/calibration 
error, / . To identify the relative importance of these, an experiment was carried out 
in which each parameter was increased in turn by 10% and the resulting effect on 
the calculated activity and the precision error was examined. A full factorial 
experimental design with n=8 variables, in which each variable can take one of two 
values, requires 2"=256 trials and an analysis of variance with 84 interaction 
terms. The labour can be reduced considerably by looking only for the relative 
importance of the parameters and using a fractional factorial screening design. The 
method of Cotter [26] was followed, where the parameters are ranked on the strength 
of their main effects and interactions from 2«+2 trials (18 in this case). The model 
was run with a 10 mBq sample of 1 unit mass, alpha counted for 1.6 and 16 h with 
3 counts/h background, 4.2 counts/h blank, 3 h separation time, efficiency of 
7000 counts•Ir'-Bq"1 and a calibration error of 5% (values for alpha counting 
from Williams et al. [9, 10]). The results are given in Table I, where the combined 
ranking scores are normalized to a scale of 0-100. 

The sample mass, the gross count, the counting time and the efficiency are the 
most important parameters. The calibration error has some effect on the SD, and the 
blank and background have a minor effect on both estimates, but separation time has 
no significant effect on either of them. 

4. APPLICATION OF THE MODEL TO COMPARATIVE STUDIES 

4.1. Laboratory level precision 

Laboratory level precision is often quoted in papers on analytical methods, but 
more detailed investigations of 226Ra analysis have been reported by Sarmiento 
et al. [8] and Williams et al. [9, 10], in each case using the emanation method and 
alpha scintillation counting. Sarmiento et al. [8] found a typical CV of 6.3% for 
seawater that averaged about 1 mBq/kg (20 L samples were used to provide about 
20 mBq of activity measured). The precision model was run using the parameters 
quoted by Sarmiento et al. [8] and it also predicted a CV of 6.3%. Williams 
et al. [9, 10] found that the precision associated with replicate analysis of prepared 
water samples ranged from 7% at 1 mBq to 4% at 100 Bq (see data in Fig. 3). When 
the non-Poisson variation was included in their precision model, using the calibration 
error as a measure of this component (7% CV), the predicted CV for a range of 
routine counting times and activities was 7-12%. 
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Among the interlaboratory comparisons noted below, the within laboratory 
precision is 9% [3], 6-10% [27], 5-7% [28] and a median 9% and range from 0.2 
to 28% [4]. Among the individual methods, some have reported very precise perfor
mance; for example, in the intercomparison reported by Williams [27], Sedlacek 
et al. [29] found a CV ranging from 1.0 to 1.7%; Holtzman and Markun [30] 
reported a CV of 0.7% for a standard pitchblende sample. Holtzman and Sha [31] 
reported data in which the CV ranged from 0.8 to 3.7% for activities of 0.048 to 
50 Bq, but for activities of 0.0004 to 0.002 Bq, the CV ranged from 21 to 67%. 

Similar values are predicted by the precision model, but the results are heavily 
dependent on the counting time and the sample mass, parameters that are not always 
quoted in the literature. These empirical measures of precision should be kept in 
mind, however, as the interlaboratory studies are assessed and compared with both 
empirical and model predictions. 

4.2. Interlaboratory comparison 

At the time of writing, six interlaboratory comparisons had been published 
on radium; all involved 226Ra and one included 228Ra. The United States Environ
mental Protection Agency reported comparison data from 1974 [1] and 1977 [2] for 
the emanation and alpha counting methods [32]. In both studies about 80% of the 
laboratories fell within ±3 SDs of the known value for 226Ra (after rejection of out
liers) and this was considered to be a 'satisfactory' performance. The between 
laboratory CVs among 7-25 laboratories that had analysed up to ten samples ranged 
from 17 to 80%, with a median value of 20%. Within laboratory variation was not 
reported. The precision model was Tun with parameters derived from published 
studies of emanation methods [9, 10, 15, 31] and the activities of the samples used 
in the intercomparisons (130-590 mBq/L). For counting times greater than one 
hour, these samples were all active enough for the non-Poisson errors to dominate, 
so the between laboratories variance that can be accounted for by precision is about 
10%. The difference of 17.3% (note that the variances and not the SDs are added) 
must be attributed to poor replicability, or the presence of systematic errors. 
Had the criterion of 'accuracy within the bounds of precision' been used in 
this comparison, the conclusion would have been that the performance was 
'unsatisfactory'. 

The comparison reported by Shawver [2] also included 228Ra. The method 
[33] involved beta counting of the 228Ac daughter and the two samples yielded 
between laboratory CVs of 80 and 34%. This result was acknowledged by the 
authors to be unsatisfactory. 

Interlaboratory comparison of 226Ra analysis of sea water was carried out 
under the GEOSECS programme and variously reported by Chung et al. [3], 
Broecker et al. [34] and Ku and Lin [35]. Not all the data were thoroughly analysed, 
but a typical result is that from Table II in Ref. [3]: three laboratories carried out 
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a total of 66 analyses over two voyages on a depth profile from 5 to 5005 m using 
20 L samples. The pooled data showed a simple linear increasing trend with depth 
and the average 226Ra concentration was 1.7 mBq/kg. When the residuals from 
linear regression of radium on depth are compared there is a within laboratories 
precision of 9.9%. The precision model was run with parameters taken from Key 
et al. [15]. The activity was quite low, so the result was dominated by the counting 
error component: for a counting time of one hour the predicted value was 7.3%; this 
decreased to 4.3% at 10 h and 3.8% at 100 h, the latter figure being the 
sampling/calibration error value. The model thus suggests that the sampling/calibra
tion error is somewhat larger than that given by Key et al. [15] and is perhaps more 
like the default value of 10%. An analysis of variance showed that there was 
no difference between voyages within laboratories, but there were systematic 
differences between laboratories of about 11%. This difference would not have been 
identified if only one sample had been analysed; however, the number analysed 
by individual laboratories ranged from 8 to 42, so the standard deviation of 
the difference between laboratories was reduced to about 3 %, allowing the 11 % 
difference to become significant. These three laboratories thus succeeded in 
maintaining their accuracy within the limits of the precision of individual sample 
analysis. This result should be contrasted with that of the previous example, where 
laboratories that differed by as much as 400% were said to be in satisfactory 
agreement. 

An intercomparison of 226Ra analysis of water was conducted as part of the 
IAEA co-ordinated research programme on the behaviour of radium in inland 
waterways and aquifers [27]. Eight laboratories participated and the within labora
tory precision was 10% for an 0.17 Bq/L sample and 6% for a 22 Bq/L sample. 
Methods that involved pre-concentration of radium agreed within the 95 % confi
dence limits of the precision error, but the remaining methods agreed only within 
a CV of 12%. The precision model was run with parameters taken from Williams 
et al. [9, 10]. For a counting time of one hour at the lowest sample activity 
(170 mBq/L), assuming 400 mL of sample per analysis, the predicted error was 
11%. Thus, the between laboratories accuracy is similar to the precision quoted by 
Williams et al. [9, 10], although some laboratories did very much better than others 
(see, for example, Ref. [29]). 

Two other IAEA sponsored intercomparisons have been reported for 226Ra, 
using a variety of methods, but mainly gamma spectrometry, on water and sediment 
from the Danube River [28] and with a standard soil preparation [4]. In the Danube 
study, three laboratories analysed water samples with a precision of 5%, but the 
between laboratory error was 62%. The precision model was run with parameters 
for gamma spectrometry taken from Refs [36, 37] as follows: efficiency 14% 
(504 counts-hf'-Bq"1); background and blank both 16 counts/h; sampling/calibra
tion error 8%. If 1 L samples were used, the model predicted CVs in the range from 
106% with 1 h counting time to 35% with 10 h and 13% with 100 h counting time. 
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For river sediment the precision was 7% and the between laboratory error 20%. If 
1 g samples were used (not stated), the precision model predicted a CV of 26% with 
1 h counting time, 11% with 10 h and 8.5% with 100 h. If 250 g samples were 
used (the material was prepared in 250 g lots), the counting error no longer 
dominated and the predicted value approached the sampling/calibration error at 8%. 
For the standard soil (IAEA SOIL 6) reported by Pszonicki et al. [4], 23 laboratories 
had a pooled precision error of 11 % and a between laboratories error of 18%. The 
precision model predicted results similar to those for the Danube sediment. Although 
it is possible to conclude that these laboratories agree within the limits of their 
precision, the precision for water and small masses of sediment is very poor. An 
obvious lesson from this comparison is that the sample mass and the counting time 
should be chosen so that the counting error is minimized. As a rule, activities 
less than 100 mBq require long counting times. 

When all of the 226Ra comparisons are combined the variance between labora
tories is, on average, about six times greater than the variance within laboratories. 
The variance within laboratories can be reasonably explained by radioactive decay 
and the uncertainty associated with calibration and sampling, but the variance 
between laboratories goes far beyond this. Similar results have been found with 
inorganic trace metal analysis of environmental media in general. Parr [38] reported 
that the concentrations of only 3 out of 22 elements analysed in biological samples 
prepared by the IAEA were agreed on by all laboratories and the results for cobalt 
and chromium ranged over several orders of magnitude. Even with major elements 
like potassium and magnesium which had the smallest precision errors (about 
5% CV), 20-40% of laboratories still fell outside the bounds of agreement. The 
problem is not attributable to the environmental matrices because Muntau [39] has 
shown similar scatter among laboratories using pure nitrate solutions of a range of 
trace metals. 

Muntau suggested that the problem lies in the limited availability of standard 
reference materials and the inadequate use of those that are available. Apparently, 
high standards of analysis have been achieved in the steel industry where large 
numbers of standard reference samples are available and widely used. This 
experience suggests that standard samples become degraded either in transit or with 
use. If this is so, then interlaboratory comparisons that continue over time with more 
than one batch of material should show a progressive reduction in between-
laboratory variance. Of the seven intercomparisons reviewed here, five fell into this 
category; four of these showed such a progressive reduction in between-laboratory 
variance (Refs [2, 3] for both 226Ra and 228Ra, and Ref. [27]). Repeated compari
son may thus be useful in improving the quality of radium analysis. 
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5. SUMMARY AND CONCLUSIONS 

Several interlaboratory comparisons have been made of the analysis of water, 
soil and sediment for 226Ra, but conclusions reached in the interpretation of the 
results are contradictory. For example, the two most accurate and precise groups 
were dissatisfied with their performances, while the two groups that performed most 
poorly concluded that their results were satisfactory. The extent of agreement 
between laboratories has been compared with a precision model that contains four 
major components: radioactive decay, non-Poisson random errors (sample handling 
and calibration), dependence among members of the decay chain, and gross errors. 
The GEOSECS programme demonstrated that is is possible to maintain interlabora
tory accuracy of 226Ra analysis within the bounds of precision and this has been 
achieved in other radionuclide intercomparisons, for example, the Uranium Series 
Intercomparison Project [40]. In the intercomparisons reviewed here, six out of 
seven failed to achieve this goal. The following recommendations for improving this 
performance are drawn from the present study: 

(a) Sample masses containing more than 100 mBq of 226Ra should be used if 
possible, otherwise long counting times are required; 

(b) A practical goal for both precision and accuracy is a CV of 10%; 
(c) Preparation, distribution and frequent use of reference samples should 

continue until this goal is met. 
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1. INTRODUCTION 

One of the most illustrative papers on the behaviour of radium in soil is by 
Baranov and Morozova [1] (original Russian version published in 1971). It includes 
many tables giving the concentration of radium in soil over the entire USSR. Of par
ticular interest are the maps with the radium isoconcentration zones of soil genetic 
zones in the Estonian SSR: the humus layer, the alluvial horizon and the parent rock 
material. The figures for the radium and thorium profiles of various soil types up 
to depths of 100 and 200 cm are particularly interesting. An analysis of this material 
shows that the concentration of radium in soil depends mainly on the abundance of 
parent radioactivity in parent rock. Exceptions are lowland bogs and upland peat 
bogs with radium concentrations which are lower by a factor of ten, and even one 
hundred, than the underlying parent material and soil formed on the alluvium of cal
careous rocks, where the concentration is several times higher. The overall conclu
sion drawn from this wealth of data is that radium does not really migrate through 
the soil. This conclusion is supported by de Jesus et al. [2], who analysed soil under 
a 40 year old tailing and also by the many observations to the effect that there is no 
proof that the radium concentration of water from wells that surround mining activity 
is higher [3-6]. Also, Yastrebov [7], who investigated the migration of 226Ra in a 
food plain, concluded from comparative 226Ra contents that no migration occurred. 
Kopp et al. [8] simply state that 226Ra did not migrate significantly in a particular 
tract of Swiss soil over a 45 year period. It is clear, therefore, that there exist no 
studies on the migration of radium in soil apart from those which are associated with 
studies of uranium mining, the treatment of tailings, the leaching of fertilizers and 
so on. In fact, in many of the latter studies, the migration of radium has been 
observed. This migration may result from the disposal of sludge which contains dis
persed material, or, in acid conditions, also dissolved 226Ra. These studies are, 
however, explicitly discussed in Part 5 of this volume and will therefore be discussed 
only briefly here, or not at all. 
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Fortunately, migration theories can be of help in obtaining more insight into 
the subject. In describing migration through soil, radioecologists often use the Kd 

concept. This assumes an equilibrium between the absorbed or solid phase and the 
solute phase, the ratio between them being considered to be a constant: 

concentration in solids 
K<i = r~~: ; — 

concentration in solute 

in Bq/g per Bq/mL or mL/g. A representative value for the concentration of radium 
in soil is 1 X 10"12 (weight base), or 3.7 X 10"2 Bq/g [1, 6]. For the concentration 
of radium in groundwater, it is more difficult to define a representative value, but 
3 X 10"5 Bq/mL appears to be a mean value. Using this data leads to a Kd of 
1230 mL/g. The relation between the migration rate of radium, V^ (cm/s), and the 
migration rate of the liquid phase, VH 0 (cm/s), is: 

""•-"".OTTW ( 1> 
With a precipitation surplus (precipitation — evapotranspiration) of 20 cm per 

year, a bulk soil density p of 1.4 g/mL and a moisture content 6 of 0.2 mL/mL, the 
interstitial F H O is 100 cm per year, while F ^ is about 0.01 cm per year. 

This is a low average migration rate which will be surpassed by biological 
homogenization, the formation or disappearance rates of the soil itself due to erosion, 
aeolian deposition and bog and peat formation. During the half-life of 226Ra 
(1600 a, in which 50% of the radium decays and there is 50% growth from parent 
material), the migration reaches a depth of 16 cm for the conditions specified. The 
decay and production of radium therefore seem to be more important than its migra
tion; the strong correlation between the radium concentration and the concentration 
of parent radionuclides supports this view. Many radioecologists use the Kd con
cept, but the question remains whether or not this concept is valid. In fact, it is very 
unlikely because the chemistry of radium is similar to that of calcium. It is also well 
known that in the many studies on the behaviour of calcium in soil the Kd concept 
is never used. What are used instead are exchange equations. Thus, in the next 
section the discussion of migration theory also includes these exchange equations. 
Indications that the sorption and desorption of radium are indeed controlled by 
exchange reactions are given in Refs [9-16]. 

2. THEORY 

A theory for the migration of solutes (or solutes and colloidal particles) con
sists essentially of two parts, the first being hydrological, which describes the move
ment of the water phase, the other being geochemical, which describes 
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adsorption-desorption behaviour. The basic equation for the migration is often for
mulated by the chromatography or mass conservation equation [17]: 

3Ji dc,- „ d2C: da 
— - + — - = Di L - v,- — - + <j>t (2 ) 

dt dt dx dx 
where ct is the concentration of solute i in solution expressed as a mass of the solute 
per unit volume of solution, st the concentration of solute i in the soil solution iden
tified with the adsorbed phase, Z>, the apparent diffusion coefficient of the solute, v,-
the average interstitial velocity of the solution and <j>t the production term, i.e. the 
net rate at which the mass of die solute i is produced or disappears per unit volume 
of solution owing to a specific transformation. 

Until about 10 to 20 years ago, this equation was solved analytically. A good 
review on existing methods is provided by Reiniger and Bolt [18]. At present, com
puter codes are almost always being used to solve the equations. The advantage of 
the numerical approach is that a wide range of geometrical conditions for the hydro-
logical model can be used. For the geochemical part of the model this means that 
all kinds of adsorption and desorption relations can be used. Even irreversible 
processes can be included, although such models usually lack the support of suffi
cient data. A description of hydrological modelling is outside the scope of this publi
cation, though it should be realized that the hydrology part of the model is just as 
important as the geochemical one. 

As discussed, the most simple geochemical model is based on the Kd concept. 
Numerous data (see Section 4) show, however, that the value of Kd depends on the 
concentration and composition of the ionic species in the liquid phase, thus invalidat
ing the Kd concept. The next choice may be the use of a Langmuir or Freundlich 
isotherm, which is described for radium, among others, by Nathwani and Phillips 
[19]. They used the Freundlich isotherm 

S = KCn (3) 

where 5 is 226Ra adsorbed (Bq/g), C is the 226Ra concentration in solution at 
equilibrium (Bq/L), n is the constant indicative of die linearity, or otherwise, 
between solution concentration and adsorption, and K is a measure of the degree or 
strength of adsorption. For n = \,K equals die Kd. For die Langmuir isotherm tfiey 
used 

KiK2C 
S = — — — (4) 

1 + K2C 

which becomes, upon rearranging, 
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where Kx is the adsorption maximum (Bq/g) and K2 is a constant related to the 
bonding energy of the soil with 226Ra (L/Bq). 

For low values of C, and when radium concentrations are extremely low, the 
term K2C becomes negligible as compared with 1 and the product KXK2 is equal to 
the Kd. Neither the Freundlich nor the Langmuir concepts consider the adsorption 
mechanism, although the Langmuir concept considers an upper adsorption limit 
owing to a saturation. For radium ions, which are dominated by calcium ions by a 
factor of many orders of magnitude, such a saturation concept hardly makes sense. 
These difficulties do not exist if the ion exchange concept is used. Radium, calcium 
and other ions compete for the exchangeable places of which the number is fixed and 
defined by the cation exchange capacity (CEC), meq/g, where meq is 
milliequivalents, a non-SI unit whose use cannot be avoided without creating mathe
matical complications. 

The equations can be defined for any ion pair or combination of ion pairs; here 
only sodium, radium and calcium are used to avoid overly complex equations. The 
subscripts 'sol' and 'ads' refer to the dissolved and adsorbed species. The exchange 
equations are: 

ACa,Ra ~ ~ ' \P) 

and 

Casoi C a ^ 

Rasol _ v Raads , ~ 
- j - — A N a R a - — -J- {/) ( N a ^ ' (N^r 

where ZC a R a and XNaRa are the exchange constants for the exchange reactions 
calcium-radium and radium-sodium, respectively. It is not possible to transform the 
exchange constants into Kd values. As long as only one ion pair, e.g. sodium and 
radium or calcium and radium, dominates, the application of Eqs (6) and (7) is 
straightforward. The solution of two or three equations of this type simultaneously 
is complicated, though the computer code CATEX [17] describes a numerical 
method for this solution. 

As with all equations, cation exchange reactions have their limitations. These 
limitations will manifest themselves as changes in the exchange constant with total 
concentration and with the composition of the exchange complex. For the range over 
which the radium concentration varies, these changes are negligible. There exists 
still another exchange equation which is often successfully applied for sodium-
calcium exchange reactions in irrigation studies. Because of the similarity of calcium 
and radium, a successful application for sodium-radium exchange can also be 
expected, and it is the Gapon equation: 

J ^ = G^U (8) 
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where G is the Gapon constant. The Gapon equation is used as an alternative equa
tion in the CATEX computer code. Although the exchange equations are superior 
by far compared with the Freundlich, Langmuir and Kd equations, they have as a 
disadvantage the fact that determination of the exchange constants is time consum
ing. Application also requires more mathematical skill. 

Owing to the high degree of adsorption, diffusion processes play no role in the 
long distance transport mechanism of radium. Diffusion is, however, important for 
processes which can be described as 'stripped leaching'. In general, there exists in 
soil an equilibrium between radium in solution, radium adsorbed on exchangeable 
sites of the soil surface and radium incorporated within soil particles. When 
exchangeable radium is stripped off by leaching, the incorporated radium will diffuse 
to the surface until the equilibrium is again established. When continuously stripped 
leaching is applied, the leaching rate is diffusion controlled. In soil such a situation 
will hardly ever occur, but for tailings it will apply often. Starik [12] studied this 
mechanism and found that the leached amount decreased rapidly in a series of con
secutive leachings with fresh portions of solution, but it reached the original value 
after the leached sample was left to recover for 1.5 a. The latter effect and other 
results led Starik to the conclusion that the mechanism of radium release from 
minerals (rocks) without dissolution of the minerals is characterized by three stages: 

(a) Radium migrates from the crystal lattice of the mineral, where it is formed in 
an interstitial position (except for 228Ra), to thin capillaries or pores in the 
mineral. The migration is due to recoil energy of the formation or diffusion. 

(b) Adsorption equilibrium is established between radium in the capillary water of 
the mineral and radium on the capillary wall, with most of radium adsorbed 
on the wall. 

(c) During contact of the mineral with groundwater, radium contained in the capil
lary water diffuses out of the capillaries (if a suitable concentration gradient 
exists) and can be desorbed from the capillary walls [12]. 

A study of the mechanisms which control adsorption is found in a very interesting 
review of the behaviour of radium in soil by Shoesmith [20]. Because pertinent data 
on radium are often missing, he compares radium with barium, for which more data 
are available. Also, Nathwani and Phillips [21] report on a leaching study of soil in 
which the leaching is diffusion controlled. 

For the surface layer of soil there exists still another migration mechanism, the 
mixing due to the activity of soil micro and macro fauna. Earthworms may bring 
down decomposing organic matter to a depth of about 1 m and it may well be that 
the pathway: uptake of radium by the vegetation and the subsequent downward trans
port of plant litter surpasses the physicochemical migration. It is even very probable 
that in the upper 20 cm of the soil 'bioturbation', as it is called, surpasses physico-
chemical transport. An important transfer mechanism is the movement of small 
animals, but microorganisms also play a role. They produce complexing agents in 
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rather large quantities, just as do the roots of plants. Owing to this complexation, 
the solubility of radium becomes significantly enhanced. The problems associated 
with a quantitative description of the impact of this complexation are rather large [22] 
and are outside the scope of this chapter. Maslov et al. [23] report on this phenome
non for 226Ra. 

3. SPECIATION 

The only chemical form in which radium occurs in nature is the Ra2+ form. 
It may be in solution, adsorbed, associated or have formed ligands, but there is no 
change in oxidation level. Moreover, because the radium concentration is always 
low, as compared with that of calcium, the term 'speciation' refers mainly to radium, 
which is bound or adsorbed to, or which is incorporated in, a particular soil fraction 
or soil component, rather than to a particular chemical form of radium. 

Thus, Cooper et al. [24] isolated six different radium fractions (Frl-Fr6), 
using extraction techniques according to Tessier et al. [25], where Frl is the water 
exchangeable radium, Fr2 is exchangeable radium, Fr3 is radium bound to car
bonates, Fr4 is radium bound to iron and/or manganese oxides, Fr5 is radium bound 
to organic matter and Fr6 is residual radium. The analytical procedures for determin
ing these different forms are discussed in Chapter 3-10 in this volume. 

For two samples of Australian soil which were analysed in this manner, the 
percentages of Frl-Fr6 were, for the one soil, 0.5, 26.5, 3.3, 26.5, 16.9 and 1.8 
and, for the other, 0, 17.0, 7.4, 31.2, 7.4 and 8.8, respectively. The recovery rate 
was only 75%. Exchangeable radium and radium bound to iron and/or manganese 
oxides appear to dominate. The radium bound to carbonates is probably incorporated 
in CaC03. 

As the properties of the soil are not reported, this point cannot be discussed 
further. However, two of these authors, together with another author, H.A. Vos, 
report that organic solvents really did not extract 226Ra, with the exception of the 
acidic ones [26]. In particular, acetic acid was found to remove a large proportion 
of the radium (10-55%). 

The sequential extraction technique, as described by Tessier et al. [25], has 
several shortcomings. A principal one (recognized by Tessier and his colleagues) is 
that a particular extraction occurs only once and is therefore never complete. 
Depending on the Kd, several extractions are often required to reach a particular 
degree of completeness. Also, many practical difficulties exist, some of which have 
been described by Benes et al. [27], who divided particulate forms of radium into 
loosely bound, acid soluble and barium sulphate bound fractions. Teixera and Penna 
Franca [28], who also used the method of Tessier et al. to characterize the different 
226Ra species in agricultural soil near the Pocos de Caldas uranium mine in Minas 
Gerais, Brazil, concluded that most of the radium will be bound predominantly to 
iron-manganese oxides and organic matter. 
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Also, Taskaev et al. [29], who noticed very strong adsorption on soil organic 
material, report that elementary organic acid enhances the mobility of 226Ra, but 
does not form complexes. Furthermore, they assume that water soluble radium is 
bound to organic complexes. In an earlier publication [30], the same authors reported 
the incorporation of 226Ra in iron organic compounds which are formed when soil 
is extracted with FeCl3 solutions. The extraction rate of 226Ra with FeCl3 is com
paratively high compared with the extraction with other inorganic cations. Benes 
et al. [27] used a selective dissolution technique, but applied it to uranium ores. 
It appeared that 24% of the radium could not be removed by HC1, while 21 % could 
not be removed by a hot, alkaline, diaminotetraacetic acid. These data clearly show 
the existence of different chemical species, although there are important differences 
between ores and soil such that these data are not representative for all soil. 

Nathwani and Phillips [19] report that the adsorption of radium on organic mat
ter is ten times as high as on clays. For average cations this ratio is 3; one may there
fore conclude that the affinity of radium for organic exchangeable places is 
somewhat larger than for average ions, though it does not prove that there is a 'com
plex formation'. Also, Kirchmann et al. [31] report very strong adsorption of radium 
on organic soil, in this case on turf. Of particular interest are the calculations of 
Benes et al. [32], who found that in water with a high sulphate content an important 
part of the radium may be present as the neutral ion pair RaS04. This might happen 
in gypsum containing soil and, in particular, uranium tailings. However, it will not 
lead to the formation of a solid phase. 

In the same publication [32], Benes et al. presented thermodynamic evidence 
for the existence of inorganic complexes of radium with sulphates, carbonates 
and hydrogen carbonates (Jf1(RaS04) = 268; ^(RaSC^) = 1.15 X 108; 
jr,(RaC03) = 288; ^(RaHCC^) = 3.9; foCRaHCOa) = 83). With chlorides all 
radium between a pH of 2 and 7 is present as Ra2+. A comparison with ther
modynamic considerations leads to the straightforward observation that radium 
appears to accumulate in particular layers near the soil surface. A very strong 
adsorption on particular compounds or material with a high specific surface may 
explain such an observation. A good example is the conclusion by Schuttelkopf and 
Kiefer [33] that 226Ra was found in a very thin layer of soil below a 200 year old 
uraniferous waste heap. Another example is given by Verkhovskaya et al. [16], who 
reported that radium (and uranium) accumulate in the fine earth, i.e. the weathering 
layer. Strong adsorption or co-precipitation seems to play the major role in these 
observations. 

4. EXPERIMENTAL 

Measurements of the migration of radium in the field are scarce. Kribek [34] 
studied the vertical distribution of radium in soil profiles in an area of uranium 
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mining. They found that the distribution depends on the type of soil profile. They 
studied flood plain soil that was significantly contaminated by radium owing to 
periodic flooding with river water receiving mine effluents. About 79% of the 
radium contained in the top 60 cm of the soil was accumulated in the 0-10 cm layer 
and 18% in the 10-25 cm layer. The radium migration described in this example 
was, although limited, nevertheless much higher, as can be expected for Kd based 
models, though particle mediated transport probably played an important role. 
Owing to filter mechanisms in the soil, particle mediated transport will decrease with 
increasing distances of the source term. There is, however, no general evidence that 
particle mediated transport, e.g. colloidal transport, is completely stopped by subse
quent filtering. The nature of possible colloidal species is unknown, though Pradel 
[35] suggests co-precipitation of radium with ferric hydroxide in river water. Kribek 
[34] and Benes et al. [36] studied the adsorption of radium on ferric hydroxides. 

The number of adsorption, desorption, leaching and extraction studies of 
radium on soil or river sediments is rather large. In none of the studies has an ion 
exchange constant been derived, though several authors have expressed data by 
means of Kd values. Krishnaswami et al. [37] analysed the behaviour of radium, 
thorium and radioactive lead in groundwater. From these data they derived retarda
tion factors closely related to Kd values that ranged from 45 000 to 200 000. The 
Kd is considered a dynamic constant, i.e. related to adsorption and desorption rates. 
Adsorption occurs (in Connecticut groundwater) on a time-scale of 3 min or less, 
while desorption may take a week. Nathwani and Phillips [19] determined the 
adsorption of 226Ra on a number of Canadian soil samples. The results were 
expressed as Langmuir and Freundlich isotherms. In a following publication, the 
same authors reported their results as Kd values as a function of the calcium concen
tration. Without the addition of calcium, the Kd values are 13 X 103, 110 X 103 

and 900 X 103 mL/g. 

In a 0.05 molar calcium solution, all three values dropped by appoximately a 
factor of 10. Landa [9] studied radium in soil from a site where radium was formerly 
processed. He extracted the soil with deionized water, 0.1N NaCl and 0.1N HC1. 
If his results are expressed in terms of Kd values, the values are, with deionized 
water, 200-2000 mL/g and, with 0.1N NaCl, 20-200 mL/g. Such values are low 
as compared with many other values. This probably means that Kd values derived 
from areas which were never contaminated with radium are not very representative 
for Kd values of radium contaminated areas. This seems to be particularly true for 
acid conditions. Morin et al. [38], who studied the migration of 226Ra in a sand 
aquifer, noticed a radium migration rate of a few metres per year at pH values of 
4.3-5, which was less than a few per cent of the groundwater velocity. (This means 
a Kd value with an order of magnitude of 100.) The retardation is caused by the 
neutralization of acidic water as a result of the dissolution of CaC03 in sand. 
Iyengar [39] mentions Kd values for stream sediments in the range of 
0.034-1.57 x 103 mL/g for Australia and 5.4-7.1 X 103 for Jaduguda, in India. 
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Because an acid environment increases teachability, one might expect high 
solubility, and thus mobility, in tailings from the sulphuric acid process. However, 
Ibrahim et al. [40] pointed out that radium sulphate is the most insoluble radium com
pound known, its solubility being only 2.1 x 10"4 g/100 mL of water. The same 
authors repeatedly extracted soil from vegetated tailings with distilled water 
(15 extractions, with a water/soil ratio of 50/15 mL/g), the pH values of the consecu
tive extractions increasing from 4 to 6 and with only 0.24 of the 226Ra appearing to 
be leached. Thus, in these circumstances as well very limited migration has to be 
expected (if all data are averaged, which is, of course, not correct, a Kd value of 
about 21 000 is obtained). 

Kirchmann et al. [31] studied some soil which was inundated by the Kleine 
Nete and Bankloop Rivers. These rivers contained 226Ra arising from the effluents 
of a nuclear research centre. They reported Kd values of 1500-2500 for turf soil and 
150-200 for sandy soil. Compared with other data, these values are again low, but 
still represent a strong binding of radium to the investigated soil. Mansfeld [41] and 
Mansfeld and Hanslik [42] studied Kd values in sediments. They ascribe (correctly 
in these authors' opinion) the variation in the Kd to the ratio between the liquid and 
solid phases during the experimental determination of the Kd. For river sediments, 
Kd values ranged from 360 to 17 400 mL/g. 

5. CONCLUSIONS 

In normal soil, 226Ra will hardly ever migrate, though an increase in soil 
acidity, in particular when this is caused by elementary organic acids, enhances 
migration. The formation of radium organic complexes seems to play no significant 
role. Migration occurs, however, if large amounts of sludge and tailings are 
deposited on soil by means of particulate transport. Because of the filter capacity of 
soil, the depth of the penetration is rather limited. 

Using sequential extraction dissolution techniques, 226Ra can be divided into 
a number of fractions which can be characterized by such terms as soluble, 
exchangeable, incorporated in CaC03, co-precipitated with iron colloids, etc. The 
most reliable way to estimate long term migration is probably by the use of models. 
The models available vary from very simple ones, for which a limited amount of data 
are available, to process oriented models, for which few appropriate data exist. 

REFERENCES 

[1] BARANOV, V.I., MOROZOVA, N.G., "Behaviour of natural radionuclides 
in soil", Radioecology (KLECHKOVSKH, V.M., POLIKARPOV, G.G., 
ALEKSAKHIN, R.M., Eds), Wiley, New York (1973) 3-29. 



332 FRISSEL and KdSTER 

[2] de JESUS, A.S.M., MALAN, J.J., BASSON, J.K., "Movement of radium from South 
African gold/uranium mine dumps into the aqueous environment", progress report, 
Source, Distribution, Movement and Deposition of Radium in Inland Waterways and 
Aquifers (Proc. 4th Research Co-ordination Mtg Vienna, 1980), IAEA, Vienna, 1980. 

[3] STRAIN, C D . , WATSON, J.E., Jr., FONG, S.W., An evaluation of 226Ra and 
222Rn concentrations in ground and surface water near a phosphate mining and 
manufacturing facility, Health Phys. 37 (1979) 779-783. 

[4] KAUFMANN, R.F., BLISS, J.D., Effects of Phosphate Mineralization and the Phos
phate Industry on 226Ra in Ground Water of Central Florida, Rep. EPA-520-6-77-010, 
United States Environmental Protection Agency, Las Vegas, NV (1977). 

[5] EADIE, G.G., KAUFMANN, R.F., Radiological evaluation of the effects of uranium 
mining and milling operations on selected ground water supplies in the Grants Mineral 
Belt, New Mexico, Health Phys. 32 (1977) 231. 

[6] de JESUS, A.S.M., "Technological enhancement", The Behaviour of Radium in 
Waterways and Aquifers, IAEA-TECDOC-301, IAEA, Vienna (1984) 87-115. 

[7] YASTREBOV, M.T., Migration of uranium-238, radium-226, thorium-232 and 
potassium-40 in the floodplain soils of the superaquatic landscapes of the Bityug River, 
Vestn. Mosk. Univ. Biol. 31 2 (1976) 83-86 (in Russian); English abstract, Chem. 
Abstr. 85 (1976) 515. 

[8] KOPP, P.M., BURKART, W., GOERLICH, W., "Studies on the uptake of Ra-226 
by edible plants under various experimental conditions", Dosimetry, Radionuclides and 
Technology (BROERSE, J.J., BARENDSEN, G.W., KAL, H.B., van der KOGEL, 
A.J., Eds), Martinus Nijhoff, Amsterdam (1983). 

[9] LANDA, E.R., Geochemical and radiological characterization of soils from former 
radium processing sites, Health Phys. 46 2 (1984) 385-394. 

[10] BOWMAN, M.P., HO, G.E., "Movement of radium through soil", Chemeca '81 
(Proc. 9th Australian Conf., 1981), pp. 725-732. 

[11] NATHWANI, J.S., PHILLIPS, C.R., Adsorption of 226Ra by soils in the presence of 
Ca2+ ions. Specific adsorption (II), Chemosphere 5 (1979) 293-299. 

[12] STARIK, I.E., Principles of Radiochemistry, Academy of Sciences of the USSR, 
Moscow (1959) (in Russian); English translation, United States Atomic Energy Com
mission Rep. AEC-tr-6314 (1964). 

[13] HAVLIK, B., GRAFOVA, J., NYCOVA, B., Radium-226 liberation from uranium 
ore processing mill waste solids and uranium rocks into surface streams, I. The effect 
of different pH of surface waters, Health Phys. 14 (1968) 417. 

[14] HAVLIK, B., GRAFOVA, J., NYCOVA, B., Radium-226 liberation from uranium 
ore processing mill waste solids and uranium rocks into surface streams, II. The effect 
of different chemical composition of surface waters, Health Phys. 14 (1968) 423. 

[15] CHAN, L.H., LI, Y.H., Desorption of Ba and 226Ra from river-borne sediments in 
the Hudson estuary, Earth Planet. Sci. Lett. 43 3 (1979) 343. 

[16] VERKHOVSKAYA, I.N., VAVILOV, P.P., MASLOV, V.I., "The migration of 
natural radioactive elements under natural conditions and their distribution according 
to biotic and abiotic environmental components", Radioecological Concentration 
Processes (Proc. Int. Symp. Stockholm, 1966) (ABERG, B., HUNGATE, F.P., Eds), 
Pergamon Press, Oxford (1967) 313-316. 



CHAPTER 4-1 333 

[17] FRISSEL, M.J., REINIGER, P., Simulation of Accumulation and Leaching in Soils, 
Centre for Agricultural Publishing and Documentation (PUDOC), Wageningen, 
Netherlands (1974) 56-61. 

[18] REINIGER, P., BOLT, G.H., Theory of chromatography and its application to cation 
exchange in soils, Neth. J. Agric. Sci. 20 (1972) 301-313. 

[19] NATHWANI, J.S., PHILLIPS, C.R., Adsorption of 226Ra by soils (I), Chemosphere 
5 (1979) 285-291. 

[20] SHOESMITH, D.W., The Behaviour of Radium in Soil and in Uranium Mine Tailings, 
Rep., Whiteshell Nuclear Research Establishment, Atomic Energy of Canada Ltd, 
Pinawa, Manitoba (1984). 

[21] NATHWANI, J.S., PHILLIPS, C.R., Rates of leaching of radium from contaminated 
soils: An experimental investigation of radium bearing soils from Port Hope, Ontario, 
Water Air Soil Pollut. 9 4 (1978) 453-465. 

[22] FRISSEL, M.J., "Significance of cycling of elements in ecosystems and its impact on 
radioecology'', Cycling of Long-Lived Radionuclides in the Biosphere, CEC (in press). 

[23] MASLOV, V.I., MASLOVA, K.I., ALEXAKHIN, R.M., "Redistribution of natural 
radioactive elements resulting from animal and plant life activity in regions with high 
radioactivity", in Symp. Ser. No. 51, United States Department of Energy, Washing
ton, DC (1980) 738-754; English abstract, Chem. Abstr. 94 (1981) 302.. 

[24] COOPER, M.B., STANNEY, K.A., WILLIAMS, G.A., An Investigation of the 
Speciation of Radionuclides in Sediments and Soils, Rep. ARL/TR-039, Australian 
Radiation Laboratory, Melbourne (1981). 

[25] TESSIER, A., CAMPBELL, P.G.C., BISSON, M., Sequential extraction procedure 
for the speciation of particulate trace metals, Anal. Chem. 51 (1979) 844-851. 

[26] VOS, H.A., WILLIAMS, G.A., COOPER, M.B., The Speciation of Radionuclides in 
Sediments and Soils. Part II. Studies with a Sequential Organic Extraction Procedure, 
Rep. ARL/TRO-58, Australian Radiation Laboratory, Melbourne (1981). 

[27] BENES, P., SEDLACEK, J., SEBESTA, F., SANDRIK, R., JOHN, J., Method of 
selective dissolution for characterization of particulate forms of radium and barium in 
natural and waste waters, Water Res. 15 12 (1981) 1299-1304. 

[28] TEIXERA, V.S., PENNA FRANCA, E., "Distribution of 226Ra into six fractions of 
agricultural soils from Pocos de Caldas, Minas Gerais State, Brazil, contaminated in 
the laboratory", Annals of the 8th Annual Congr. of the Brazilian Biophysical Society, 
Rio de Janeiro (1979). 

[29] TASKAEV, A.I., OVCHENKOV, V.Ya., ALEKSAKHIN, R.M., SHUKTOMOVA, 
I.I., Forms of radium-226 in soil horizons containing it in high concentration, Poch-
vovedenie No. 2 (1978) 18-24 (in Russian); English abstract, Chem. Abstr. 88 (1978) 
233. 

[30] TASKAEV, A.I., OVCHENKOV, V.Ya., ALEKSAKHIN, R.M., SHUKTOMOVA, 
I.I., Effect of pH and liquid phase cation composition on the extraction of radium-226 
from soils, Pochvovedenie No. 12 (1976) 46-50 (in Russian); English abstract, Chem. 
Abstr. 86 (1977) 196. 

[31] KIRCHMANN, R., LAFONTAINE, A., CANTILLON, C , BOULENGER, R., 
Etude du cycle biologique parcouru par la radioactivity, Rep. BLG-477, Belgian 
Nuclear Centre (CEN/SCK), Mol, Belgium (1973). 



334 FRISSEL and KOSTER 

[32] BENES, P., OBDRZALEK, M., CEJCHANOVA, M., The physicochemical forms of 
traces of radium in aqueous solutions containing chlorides, sulphates and carbonates, 
Radiochem. Radioanal. Lett. 50 4 (1982) 227-242. 

[33] SCHUTTELKOPF, H., KIEFER, H., "Radium-226 contamination of the Black Forest 
and the radioecological behaviour of radium", Environmental Migration of Long-Lived 
Radionuclides (Proc. Int. Symp. Knoxville, TN, 1981), IAEA, Vienna (1982) 
345-352. 

[34] KRIBEK, B., Sorption of Radionuclides on Natural Sorbents, Rep. P-09-125-012-7/4, 
Faculty of Natural Science, Charles University, Prague (1979) (in Czech). 

[35] PRADEL, J., in Source,- Distribution, Movement and Deposition of Radium in Inland 
Waterways and Aquifers (Proc. 1st Research Co-ordination Mtg Mortagne, France, 
1976), IAEA, Vienna, 1976. 

[36] BENES, P., STREJC, P., LUKAVEC, Z., Interaction of radium with freshwater sedi
ments and their mineral components. I. Ferric hydroxide and quartz, J. Radioanal. 
Nucl. Chem. 80 2 (1984) 275-285. 

[37] KRISHNASWAMI, S., GRAUSTEIN, W.C., TUREKIAN, K.K., Radium, thorium 
and radioactive lead isotopes in groundwaters: Application to the in situ determination 
of adsorption-desorption rate constants and retardation factors, Water Resour. Res. 18 
6 (1982) 1633-1675. 

[38] MORIN, K.A., CHERRY, J.A., LIM, T.P., VIVYURKA, A.J., Contaminant migra
tion in a sand aquifer near an inactive uranium tailings impoundment, Elliot Lake, 
Ontario, Canada, Can. Geotech. J. 19 1 (1982) 49-62. 

[39] IYENGAR, M.A.R., "Distribution in nature", The Behaviour of Radium in Water
ways and Aquifers, IAEA-TECDOC-301, IAEA, Vienna (1984) 57-86. 

[40] IBRAHIM, S.A., FLOT, S.L., WHICKER, F.W., "Concentrations and observed 
behaviour of 226Ra and 210Po around uranium mill tailings", Management of Wastes 
from Uranium Mining and Milling (Proc. Int. Symp. Albuquerque, 1982), IAEA, 
Vienna (1982) 339-352. 

[41] MANSFELD, A., Natural radionuclides in waters, their occurrence and behaviour, 
PhD Thesis, Institute of Chemical Technology, Prague, 1977 (in Czech). 

[42] MANSFELD, A., HANSLIK, E., The effect of mining radioactive raw materials on 
the quality of surface waters, Rep. C-16-331-112-03-04, Water Research Institute, 
Prague (1980) (in Czech). 



Chapter 4-2 

RADIUM IN GROUNDWATER 

B.L. DICKSON 

Division of Mineral Physics and Mineralogy, 
Commonwealth Scientific and Industrial Research Organization, 

North Ryde, New South Wales, 
Australia 

1. INTRODUCTION 

The concentration of radium in groundwater will depend on the means by 
which it enters the water, the amount of radium in the source, the operation of 
mechanisms that remove radium from the water and mechanical processes that move 
the radium away from its source. In addition, radium isotopes occur as members of 
decay series and there will be a compound effect of similar processes along the vari
ous decay series if the source of the radium contains precursor radionuclides of the 
radium, such as natural uranium and thorium. 

Groundwater can have extremely wide variations in composition, ranging in 
pH from less than 2.0 to over 11, with salinity values to over 250 g/L [1]. While 
radium concentrations in groundwater used for drinking water supplies are often of 
most concern, more saline water with higher concentrations of radium, which may 
be used for stock feed, pumped to the surface as geothermal water or encountered 
during mineral exploration, are also of interest. Proposals to place radioactive wastes 
in deep geological formations have focused attention on saline formation water in 
Europe and North America [2], while developing dry land salinization in Australia 
has brought attention to widespread near surface acidic-saline water [3,4]. In water 
with considerable dissolved salts, the formation of complexes with anions or organic 
ligands could significantly extend the transport range of radium. 

This review examines the mechanisms by which radium can enter groundwater 
and those which control its concentration. Evidence for and against the migration of 
radium in groundwater far from its source is discussed, and models for the transport 
of radium and other nuclides in groundwater are briefly examined. 

2. DISTRIBUTION OF RADIUM ISOTOPES IN GROUNDWATER 

Radium occurs as a natural component of all groundwater in an extremely wide 
range of activities (see Section 1). Historically, most attention has focused on 226Ra 
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and, in terms of anthropological contamination, this is still the most important iso
tope. However, most natural water contains, in addition to 226Ra, three other natur
ally occurring isotopes: 228Ra and 244Ra (daughters of 232Th) and 223Ra (daughter 
of 235U). These shorter lived isotopes can occur in significant activities. For exam
ple, 228Ra activities as high as 115 Bq/L, 244Ra up to 350 Bq/L and 223Ra up to 
60 Bq/L have been recorded in saline water in Australia [5]. 

As there are little published data for these isotopes in groundwater, this section 
reviews the available information on their distribution. Note that even though high 
activities of the short lived isotopes can occur, their actual concentrations by weight 
are very small. The activity of a radionuclide is given by X/V, where N is the number 
of atoms and X is the decay constant equal to log 2/half-life. At equal activities, the 
concentrations of the radium isotopes will be in inverse proportion to their half-life. 
Thus, concentrations of the two isotopes with short half-lives (e.g. 224Ra and 223Ra 
with half-lives of 3.8 d and 11.3 d, respectively) will be exceedingly small compared 
with that for 226Ra (1600 a half-life) and that of 228Ra (5.75 a half-life) will also be 
small in comparison. The shorter lived isotopes have the potential to yield consider
able information on the rate of various processes in groundwater [6-11], as discussed 
later in this section. 

There is considerably less information on 228Ra in groundwater than for 
226Ra, a situation resulting in part from an erroneous assumption that the shorter 
half-life of 228Ra and the higher solubility of uranium over thorium would result in 
the activities of 228Ra being significantly lower than 226Ra. In addition, 228Ra has 
been more difficult to measure than 226Ra [12] (see Chapters 3-2 to 3-8 in this 
volume). It is now recognized that both isotopes are equally important in evaluating 
health effects and in the past decade there has been an increase in the measurement 
of both isotopes [13-16]. 

Measurements of 226Ra/228Ra activity ratios for low salinity water have 
yielded a very wide range of values. Asikainen [17] found ratios in the range of 
0.3 to 26 for some Finnish groundwater, with the ratio around 1.0 for low 
(< 37 mBq/L) 226Ra, but increasing rapidly with increasing 226Ra. Other reported 
ratios include values of 0.45-21 for an aquifer near Denver, Colorado [18], from 
0.4 to 21 for water from Iowa [15], from 0.2 to 41.0 for water from Illinois [16], 
and from 0.09 to 4.41 in South Carolina [12]. These results show that high concen
trations of 226Ra occur more frequently than 228Ra, which may relate to the higher 
mobility of uranium than thorium or to local enrichments in uranium in the aquifer 
rocks. Asikainen [17] related unexpectedly low ratios and high 226Ra activities in 
some areas to the presence of a particular type of granite ('rapakivi'), rather than 
to high concentrations of both thorium or uranium. King et al. [12] found a signifi
cant linear relationship between log(226Ra) and log(228Ra) in groundwater with 
activities of 226Ra up to 1 Bq/L. The 226Ra/228Ra ratios ranged from 0.07 to 14 with 
a median value of 0.8, but increased with increasing 226Ra and 228Ra. The increase 
was interpreted as implying an increasing uranium content relative to thorium in the 
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aquifer rocks, contrary to observed ratios in the surface mapping of uranium and tho
rium in the area, though some leaching of uranium could have occurred from the sur
face rocks. 

Fewer measurements of 226Ra and 228Ra in saline water have been reported. 
Armbrust and Kuroda [19] measured the two isotopes in four samples of petroleum 
brines and obtained ratios of 2 and 4 for two samples, whereas the other two had 
3 and 6 Bq/L 228Ra but no measurable 226Ra. Kraemer and Reid [20] measured 
226Ra and 228Ra in water from some deep saline geopressured aquifers in the USA 
and found 226Ra/228Ra ratios ranging from 0.44 to 1.82, with a median value of 
0.71 in water with 226Ra activities up to 58 Bq/L. Kolb and Wojcik [21] reported 
measurements of both 226Ra and 228Ra in brines from oil and gas fields in the 
Federal Republic of Germany; the activity ratio, 226Ra/228Ra, was generally less 
than 1 for samples from gas fields and above 1 for oil fields. 

The 226Ra/228Ra activity ratio has usually been considered to be equal to the 
average U/Th activity ratio of aquifer rocks, which is typically 0.7-1.0, correspond
ing to an average U/Th weight ratio of 0.25-0.33 [6]. Limited work has been done 
to examine this relationship, but many of the measurements described above on both 
low and high salinity water tend to agree with this interpretation. The relationship, 
is often assumed. For example, Fanning et al. [22] interpreted water issuing from 
submarine springs and containing 16 times more 226Ra than 228Ra as sea water that 
had been involved in dolomitization of limestones. Uranium, in addition to mag
nesium was removed during the dolomitization and this uranium was considered the 
source of the 226Ra. Kraemer and Reid [20] compared the 226Ra/228Ra ratios of 
groundwater and the U/Th ratios of rocks similar to those comprising the aquifer. 
The median ratio in the water, 0.71, was in reasonable agreement with the U/Th 
activity ratio of the sandstone, 1.01, which was considered to be the radium source. 
Other studies have found differences between the expected (from the source rocks) 
and measured ratios in groundwater. For example, Dickson [4] found 226Ra/228Ra 
ratios in saline spring water (0.10 to 0.34) to be lower than expected from the U/Th 
ratio of the source rock (0.65). This was attributed to the subsurface loss of uranium 
during weathering and retention of thorium on surfaces from which 228Ra could be 
readily leached. Theoretical modelling [11] (see Section 6.2) suggests that the 
226Ra/228Ra ratio in flowing water should eventually exceed the U/Th ratio of the 
rocks. Clearly this potentially useful relationship between uranium and thorium in 
aquifer rocks and their radium daughters in solution requires further evaluation. 

Few measurements of the two short lived radium isotopes (223Ra and 224Ra) 
in groundwater have been reported. Measurement of 224Ra is particularly difficult 
as care must be taken to ensure that the water sampled is in close contact with the 
aquifer rock and corrections must be applied for decay of 224Ra between sampling 
and analysis. Armbrust and Kuroda [19] reported values from 3.7 to 40 Bq/L in oil 
field brines. Hubbard et al. [10] measured 228Ra, 228Th and 224Ra in a saline aquifer 
and obtained 224Ra/228Ra ratios of 0.95 and 228Th/228Ra ratios of around 2 X 10-2. 
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Krishnaswami et al. [7] measured the Ra/ Ra activity ratio in water from five 
wells, obtaining values ranging from 0.83 to 1.78 for 228Ra activities in the range 
0.6 to 6.9 Bq/L. Other studies have shown that 224Ra can occur in amounts far in 
excess of those expected from the activities of 228Ra in the same water. For exam
ple, Cherdyntsev [6] reported 224Ra/226Ra activity ratios ranging from 3 to an 
extraordinary 550 for 'mountain' water and ranging from 0.5 to 1.3 for surface and 
petroleum water. No thorium rich rocks were located to account for the excess 
224Ra. Kuptsov et al. [23] measured 224Ra/228Ra ratios ranging from less than 3 to 
105 in carbonate spring water in an area of dormant volcanic activity. Similar high 
activities of 224Ra relative to 226Ra and 228Ra have been found in springs and arte
sian water flowing from sandstone hosted aquifers [11, 24]. 

Water containing 223Ra in unusually high activities can also be found though, 
again, few results have been reported. The parents of 226Ra and 223Ra (238U and 
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FIG. 1. Frequency histogram of Ra/ Ra activity ratios for over four hundred samples of 
Australian groundwater [5], The ratios are lognormally distributed about a median of 13.3, 
which is less than the equilibrium ratio of 21.4. 
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235U) occur in the constant weight ratio 138:1 and, in a system in equilibrium (i.e. 
where no loss of intermediate daughter nuclides has occurred for at least 1 My), the 
226Ra/223Ra activity ratio should have the same value, 21.44, as the parents. 
Cherdyntsev [6] reported four measurements of 226Ra/223Ra activity ratios ranging 
from 1.8 to 7.7 in spring water. Dean et al. [8] reported five measurements of 
226Ra/223Ra ratios in groundwater in the vicinity of a uranium deposit in northern 
Saskatchewan. Four samples of water in the deposit (as indicated by 226Ra values 
of around 0.2 Bq/L) had ratios of between 33 and 20, whereas one away from the 
deposit had a ratio of 43. 

In a study of groundwater from the vicinity of uranium ore bodies and radio
metric anomalies around Australia, Dickson et al. [5, 24, 25] found that the 
226Ra/223Ra activity ratios of over 400 samples were log-normally distributed about 
a mean value of 13 (Fig. 1) compared with the natural abundance ratio of 21.4. 
Groundwater with high Ra/ Ra ratios was generally from the vicinity of ura
nium deposits whereas groundwater with low ratios came from aquifers in country 
rocks containing uranium and thorium in normal quantities. The 223Ra activity 
actually exceeded that of 226Ra in water from certain flowing spring water [11], 
results which suggest that in some cases 223Ra enters water more rapidly than 
226Ra. The study of short lived radium isotopes can be used to understand the 
processes involved in radium transfer to solution and transport, as discussed below. 
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FIG. 2. Scatter plot of uranium versus 226Ra in Australian groundwater illustrating the lack 
of correlation between the parent and decay product. 
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3. MECHANISMS OF RADIUM RELEASE 

The concentration of 226Ra in groundwater is generally unrelated to that of 
dissolved uranium and the concentration of 228Ra generally exceeds that of its dis
solved parent (232Th) by several orders of magnitude. The lack of correlation 
between dissolved uranium and 226Ra is illustrated in Fig. 2 for some 400 water 
samples from Australia. Similar results have been found in many studies and, in 
general, uranium and thorium in solution are not the sources of dissolved radium. 
Instead, radium must be released independently from the aquifer rocks themselves. 
Since radium isotopes occur as members of decay series, the behaviour of radio
nuclides that are higher in those series, as well as processes which directly release 
radium, must be considered. This review concentrates primarily on the mechanisms 
of radium release, but mention is made, where appropriate, of processes which simi
larly affect thorium and uranium. 

3.1. Chemical processes 

The major processes for the transfer of radium from a solid into solution are, 
on the basis of 226Ra concentration, those related to the groundwater chemical com
position. As discussed in Section 2, anomalously high concentrations of radium are 
frequently found in highly saline water. In all of those areas, the groundwater comes 
into contact with rocks not known to be enriched in either uranium or thorium, i.e. 
the radium appears to be derived from country rocks with normal uranium and tho
rium concentrations. Examples include water from petroleum wells [19, 26], 
geopressured aquifers [20], near surface water [27], saline springs and seepages 
[4, 28] and deep sea hydrothermal vents [29]. Chung [30] found a correlation of 
226Ra with groundwater conductivity for water from major faults in Southern 
California. An example of the relationship between 226Ra and salinity in deep 
geopressured water is given in Fig. 3 [20]. Kaufman and Bliss [31] speculated on 
the effect of increased concentration of dissolved solids and, in particular, of calcium 
on the level of 226Ra in groundwater in Sarasota County, California, because a high 
correlation (r = 0.82) between 226Ra and total dissolved solids (TDS) indicated a 
possible cause-effect relationship. Gilkeson et al. [16] found a correlation (r = 0.74) 
between TDS and 226Ra for water with 226Ra contents between 0.004 and 0.9 Bq/L 
and TDS between 300 and 3300 mg/L. A correlation between 226Ra and salinity has 
been observed in Australian groundwater [5], with a marked increase in 226Ra, the 
salinity level being observed at around 17 000 mg/L (Fig. 4, Refs [5, 32]). 

The concentration of radium in solution is consequently more closely related 
to the groundwater chemistry than to the radium concentration in the host rocks. 
High radium concentrations in groundwater may be found with rocks containing little 
uranium but in contact with saline water, whereas uraniferous rocks in contact with 
low salinity water might yield little radium. The extent of radium transfer will 
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depend on the type of radium containing mineral, the distribution of radium within 
the mineral grains, the size of the grains, the frequency of fractures and other 
parameters affecting the contact area between the groundwater and the mineral 
grains. Water containing high radium activity may indicate fractured or brecciated 
rocks with a high surface to volume ratio, though conversely, a fracture zone con
taining water enriched in radium may be acting as a conduit to bring such water from 
a depth to the surface. There has been considerable discussion, particularly in the 
Eastern European literature (see, for example, Ref. [33]), on relationships between 
radium in groundwater and the type and age of aquifer rocks. In the author's opinion, 
these will have a minor effect because although the composition of groundwater is 
controlled by the surrounding rocks with which it is in equilibrium, the overall salin
ity, which has the dominating effect on the radium concentration, will be related to 
the residence time and evaporation of the groundwater. Other geological and litho-
logical factors that could affect the radium concentration are those controlling the 
water-rock surface area. 

Groundwater composition affects the extraction of radium into solution in a 
number of ways. Primarily, other cations will compete with and exchange radium 
and other alkaline earth cations from surfaces and from within minerals. This can 
be envisaged as the exchange reaction 

S-Ra.2+ + M"+ = S-Mn+ + Ra2+ 

where S represents a surface site. No distinction is made here between the different 
types of sorption. Exchange processes have been observed in tidal estuaries where 
radium adsorbed on clays from fresh water was desorbed by marine water [34]. 
Laboratory studies of the leaching of radium by saline solutions have generally been 
concerned with materials such as uranium tailings [35], soil and sediments [36] or 
uranium ores [4, 37, 38]. These show that radium enters solution rapidly, achieving 
an equilibrium in 0.5-2 h. The order in which cations (in chloride solution) affect 
radium release depends on the substrate and the water composition. Studies on ura
nium ores are of the most interest here (for soil and sediment, see Chapter 4-3 in 
this volume). Havlik et al. [37] observed a decrease in the liberation of radium from 
two uranium ores with an increase in pH from 1 to 9, followed by a slight increase 
at pHl 1. The release of radium was rapid, but complex variations in radium concen
trations were found if the uranium ore and solution were allowed to remain in contact 
for up to 5 h, though generally a decrease in radium release was observed. Havlik 
et al. [38] also found that the effect of cations on the release of radium gave the 
sequence potassium > sodium > lithium > calcium > magnesium > strontium 
> barium for the same ores. Water had a similar effect to magnesium, indicating 
that strontium and barium decrease the release of radium. This order varied slightly 
with concentration (in the range 1.0-0.01N). Leaching of radium varied between 
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FIG. 5. Variation in the concentration of226Ra, 228Ra and 223Ra with time in a (a) 17.5 g/L 
NaCl solution and (b) 17.5 g/L NaCl plus 2.9 g/L NaS04 solution kept in contact with a 
crushed uranium-thorium ore for up to one year [4]. 

31 % (for KC1) and 0.2% for SrCl2 in 1.0N solution. The effect of divalent cations 
showed little variation with concentration. The sequence of cations varies considera
bly between different source substrates and almost the reverse of that given above 
has been noted [36J. 

Equilibrium, established between radium isotopes in solution and the solid, is 
maintained despite the decay of radium in solution [4]. The concentrations of radium 
isotopes in a 0.3M NaCl solution maintained in contact with a uranium-thorium ore 
were monitored for one year. The constant presence of 223Ra and 224Ra (Fig. 5) 
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throughout the test, despite their decay with half-lives much shorter than the study 
time, indicates continuous exchange between the solid and solution in approximate 
proportion to their activity in the ore sample. The slight decrease in concentration 
of all three radium isotopes during the course of the test may be due to a mineralogi-
cal change in the ore or to slow sorption processes for radium. In these tests around 
6% of the radium was leached by a IM solution of NaCl, similar to that found by 
Havlfk et al. [38]. The leaching effect of different cations was found (for a 0.3M CI 
solution and a uranium ore) to be potassium > caesium > calcium > magnesium 
> sodium > water [5]. 

The anion in solution can also affect the radium concentration. The complexing 
of radium in chloride or carbonate solutions, described in Section 5, will have a 
minor effect on radium solubility in most groundwater. Indirectly, increasing the 
ionic strength of a solution can increase the solubility of a salt by lowering the 
activity of the species in solution. Sulphate can have a major effect on radium leach
ing. For example, Levins et al. [35] found that small amounts of a sulphate anion 
decreased the release of radium by saline solutions from uranium mill tailings. This 
was considered to be a result of the additional sulphate decreasing the solubility of 
solid sulphate containing the radium, i.e. the common ion effect. The role of insolu
ble sulphates in controlling radium concentrations is discussed in Section 4. This 
author [4] found that the leaching of 226Ra and 228Ra from a uranium ore was 
decreased by the addition of sulphate to a NaCl solution, but that leaching of 223Ra 
and 224Ra was not affected. The formation of the neutral ion pair, RaSO^0), could, 
as a result of its size, decrease the diffusion of 226Ra in the micropores and fractures 
of the solid. Increased dissolution of 227Th and 228Th in the sulphate containing 
solution and their subsequent decay was suggested to account for the lack of sulphate 
effect on the 223Ra and 224Ra concentrations. Both Levins et al. [35] and this author 
[4] found that when the concentration of Na2S04 was increased over 0.1M, the 
increasing cation concentration overcame the effect of the sulphate anions and leach
ing increased. 

Radium can also be released into solution by the alteration of specific minerals. 
Alteration could be particularly rapid in hydrothermal solutions. Laboratory studies 
have shown that barium is strongly leached by hydrothermal fluids [39] and the 
geochemical similarity of radium and barium implies similar leaching. 
Krishnaswami and Turekian [40] found a correlation between 226Ra and barium in 
hydrothermal fluids and a similar 226Ra/Ba ratio in the fluids and basalt from the 
Galapagos hydrothermal mound. 

Mineral dissolution will also release both radium and other alkaline earth 
cations into solution. Enhanced dissolution and reprecipitation of quartz, for exam
ple, in saline water could release radium [20, 26]. Kraemer and Reid [20] also 
suggest that radiation damage could increase the solubility of quartz by disruption 
of the silica structure and release of microscopic particles, which would produce a 
more rapid transfer of radium to solution. 
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3.2. Physical processes 

For a lot of low salinity water in contact with the rocks for only a short time, 
the chemical processes described above may not be sufficient to account for the 
radium present. In addition, disequilibrium between isotopes of the same element is 
difficult to explain as chemical processes would be expected to transfer radium iso
topes in proportion to their activity in the source rocks. Physical processes such as 
diffusion are much too slow to be significant, with diffusion distances in 106 years 
estimated to be less than 18 x 10~9 m [26, 41]. 

A mechanism for the transfer of a radionuclide from the solid phase to solution 
is the recoil of daughter products during alpha decay. The alpha particles emitted by 
the decay of long lived radionuclides of the three naturally occurring decay series 
have energies in the range of 4 to 6 MeV. The daughters of these alpha decays will 
recoil with energies proportional to the ratio of their mass to that of an alpha particle 
(about 90 keV) and, if close to a surface, may escape the solid. 

Studies of the alpha recoil mechanism have concentrated on the alpha decay 
of 238U to 234Th and subsequent beta decay to 234U. Isotopic disequilibrium in 
groundwater has been extensively documented between 238U and 234U, with activity 
ratios up to 30 being measured [42]. In addition, the global oceans contain 14% extra 
234U activity over that of 238U [42]. The decay of 238U has an alpha emission 
energy of 4.2 MeV, which is sufficient to eject 234Th nuclei that are within about 
50 X 10~9 m of a particle surface directly into solution [43]. (The actual range is 
uncertain; values of 37 X 10"9 m [44] and 20 X 10"9 m [45] have also been 
quoted.) In addition to direct recoil to solution, other recoil nuclides could be lodged 
in locations from which subsequent daughter nuclides may be preferentially leached 
or areas of a crystal lattice could be sufficiently radiation damaged to allow rapid 
dissolution [45-47]. Fleischer [47] demonstrated that the release of embedded nuclei 
through etching of fission tracks could occur even in water. The release mechanism 
following the alpha decay and recoil will, consequently, depend upon such factors 
as size, distribution of parent nuclei and the extent of small pores through the parti
cles [47]. 

Similar disequilibrium to that observed between 234U and 238U in ground
water has been observed between radium isotopes, as described above. This 
disequilibrium is readily explained by the alpha recoil mechanism. Assuming alpha 
recoil is the only transfer mechanism leading to the accumulation of a radium isotope 
in solution, then its concentration in solution is equivalent to its ingrowth from its 
parent, which is given by the equation [6]: 

A, = Ax(\ ~ exp(-Xf)) 

where t is the contact time between the solution and solid, A, is the activity at time 
t, Ax is the equilibrium activity and X is the decay constant. For either 223Ra or 
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FIG. 6. Schematic diagram showing the transfer cycle of nuclides between the solid, surface 
and solution phases for the 238U series. Subscripts s, e and w refer to the solid, surface and 
water phases, respectively. Solid arrows refer to alpha decay and dashed arrows to beta 
decay. See the text for an explanation of n and f [48]. 

224Ra, (1 - exp(-X0)s l.whereas for 225Ra, Xf < 1 and (1 - exp(-Xf))s Xr. 
Thus, if the final 224Ra/226Ra ratio is assumed to be equal to the Th/U ratio in the 
aquifer rocks, then (224Ra/226Ra), = (Th/U)/(Xf), which is a large number unless t is 
also large. Water with high values of the 224Ra/225Ra activity ratio has been found in 
springs in mountainous areas [6] and in areas of high rainfall [11] where groundwater 
residence times (t) are small. This relationship has been suggested as a method of 
dating some groundwater [6, 42], but, as sorption is not considered (which would 
slow the flow rate of an isotope relative to the water), ages greater than the true water 
flow time would be expected. 

Figure 6 [48] illustrates a detailed sequence of possible recoil events at the 
solid-fluid interface for the decay series from 238U to 225Ra. This includes nuclides 
in the solid and solution, as well as nuclides in sites accessible to chemical exchange 
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(i.e. the 'surface') [11]. As shown, a fraction, n, of alpha decay products enters solu
tion from the solid by direct recoil and, of the remainder, a fraction,/, moves to the 
surface and is available for chemical exchange. Values of /x range from 10"5 for a 
nuclide evenly distributed in a spherical grain of 1 mm diameter to more than 0.7 
for extremely fine grained sediments with particle diameters of the order of the recoil 
distance [49]. Estimates of the fraction/made available for chemical exchange are 
difficult to quantify, but may be of the same magnitude as \i. In a similar manner, 
some of the alpha decays in solution result in ejection of the products into the solid 
or surface sites. 

An additional alpha recoil process, which has been little documented, concerns 
nuclides adsorbed to a surface and undergoing alpha decay. The daughter products 
can be either ejected into the solution or into the solid. The probability, p, of being 
implanted in the solid depends on the nature of the surface and could theoretically 
vary from 0.5 (a flat surface) to 1.0 (an internal surface location). Recoil implanta
tion of 234U has been observed in natural zeolites and clays [50, 51]. The recoil 
probability on various clays has been measured [52, 53] by adding 226Ra and 228Th 
to a clay suspension and measuring the 226Ra/224Ra ratio in solution. The probabil
ity, p, was found to vary from 0.7 on illite to 0.5 on montmorillonite. This recoil 
implantation can be significant in determining the activity ratios of pairs of nuclides 
separated by a less soluble intermediate which decays by alpha emission, such as the 
228Ra/224Ra pair which are separated by 228Th. It is generally assumed that uranium 
and radium are soluble to a much greater extent in groundwater than thorium, protac
tinium and actinium. Thus, in the model shown in Fig. 6, thorium isotopes ejected 
by alpha decay into solution are assumed to be rapidly and irreversibly adsorbed onto 
the solid surface. Thorium hydrolyses at around pH3 and is readily adsorbed from 
groundwater [54, 55]. 

The relative activities of successive daughters in a decay series on the surface 
and solution, as illustrated in Fig. 6, will either increase or decrease relative to those 
in the solid depending on the relative importance of the different recoil directions. 
A mathematical model which quantifies the effect of the alpha recoil processes and 
water flow [11, 48] is described in Section 6.2. 

3.3. Comparison of transfer mechanisms 

While every radium atom is generated by an alpha decay, the degree to which 
the alpha recoil affects the subsequent leaching or cation exchange is uncertain. The 
half-life of the radium isotope is also a consideration. Slow dissolution of minerals 
cannot affect the concentration of a short lived isotope, whereas slow acting mechan
isms may play an important role in the concentration of the much longer lived 
226Ra. One distinguishing feature exists between the physical and chemical mechan
isms. Those mechanisms involving chemical processes will also tend to release other 
alkaline earth cations along with radium. In particular, barium, the cation most 
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closely resembling radium in its properties, may be used as a means of distinguishing 
radium release that is essentially chemical in nature from physical transfer, such as 
by alpha recoil which will not involve barium. 

An apparently close relationship exists between radium and barium in oceanic 
water, despite different sources for the two elements. This has been interpreted as 
resulting from similar biological activity [30]. Despite its potential for establishing 
the source mechanism of radium, the relationship of barium to radium in ground
water has not been examined to any great extent. Bloch and Key [26] suggested the 
ratio of radium to barium as a means of discriminating between uranium source rocks 
and country rocks (along with 228Ra and 227Ac to distinguish the nature of the 
source rocks when recoil was the dominant transfer mechanism). Examples of spring 
water carrying barium, strontium and elevated (8 Bq/L) 226Ra have been reported 
[28, 56]. A strong correlation was found for both 226Ra and 228Ra with barium in 
the Amazon River system [57], which suggested that the two elements were not 
fractionated during release by weathering in the Amazon Basin and that subsequent 
adsorption/desorption processes acted similarly on the two elements. Both the 
226Ra/Ba and the 228Ra/Ba ratios in rivers draining the shield areas were close to the 
average uranium/barium and thorium/barium ratios for granites. Rivers in other 
areas gave ratios between those of basalt and of average crustal material. These 
results suggest that alpha recoil processes may not be significant in releasing radium 
during intense weathering. 

Some groundwater with unusually high radium and barium has been reported 
in an aquifer in Illinois [16] and extensive studies were made to determine the origin 
of the radioactivity. Extreme 234U/238U disequilibrium was also found in this water 
[58] and this was considered to result from the pulverizing of uranium bearing rocks 
(granites and shales) by glaciation. This increased the rock surface area, permitting 
easier dissolution and recoil of various nuclides. Radium in the groundwater was 
considered to result from the decay of uranium adsorbed from the groundwater to 
sandstone surfaces. High barium occurred in water with abnormally low sulphate 
but, unfortunately, the correlation, if any, between radium and barium was not 
reported. Radium and barium have also been analysed in acid-saline water from 
southern Australia [59] without any correlation being found. As the water has high 
sulphate (up to 30 g/L) and high 226Ra (up to 70 Bq/L), possibly barium was 
perhaps removed from the water prior to the introduction of radium. Other analyses 
of radium and barium have been reported from an aquifer in Georgia, USA [60]. 
Though there are few results to demonstrate the point, analyses of radium and barium 
have a potential in the study of the release of radium into groundwater, particularly 
where sulphate concentrations are not extraordinarily high. 
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4. CONTROLS ON RADIUM CONCENTRATIONS 

The concentration of radium in solution is controlled by a variety of chemical 
and physical processes such as adsorption-desorption, filtration effects, complexa-
tion, precipitation-dissolution reactions and mineral alteration, processes that are 
dependent on the composition, oxidation state, acidity and temperature of the 
groundwater and on the nature of the aquifer surfaces. The different, often compet
ing, effects of different cations and anions make statistical studies of the radium 
activity and the chemical composition of groundwater difficult. As discussed above, 
while large cations appear to replace radium in uranium ores readily, different 
sequences of the effectiveness of different cations have been found with sediments 
and soil. Thus, for example, a calcium chloride type water may not necessarily con
tain more radium than a sodium chloride water. O'Connell and Kaufman [61] found 
no definitive correlations between major chemical species and radium in a wide sur
vey of thermal water from the USA. Cadigan and Felmlee [62] found that the radium 
concentration in 23 types of water feeding radioactive springs was mostly determined 
by the total dissolved solids (60% of variance), but increasing groundwater tempera
ture decreased the radium concentration. This was possibly because warmer water 
had higher sulphate concentrations. Extensive studies of radium concentrations in 
saline water of many types (e.g. predominantly NaCl, CaCl, MgCl, NaHC03, etc.) 
have been reported in the Eastern European literature [33] without any statistical 
analysis of correlations between water type and radium concentration. It is difficult, 
given the large number of variables in natural groundwater systems, to evaluate from 
these data the major factors controlling radium concentration. Water described as 
'sulphate' may or may not be saturated with respect to particular insoluble sulphates 
which could co-precipitate radium. Instead, laboratory measurements are required 
in which the many variables can be controlled. 

Precipitation of pure radium salts is unlikely to occur even with very high 
sulphate concentrations. The most insoluble radium salt, RaS04, has a solubility 
product of io~10-27 [63] and molecular (as RaSOi0) ion pair) solubility constant, KSi, 
of 10"7-94 [64]. Extraordinary sulphate and 226Ra concentrations would be required 
for precipitation to occur. Instead, radium is more likely to be incorporated into 
barium or strontium sulphates to form solid solutions [63, 65], as occurs around 
some springs and in drill pipes of oil wells [19, 21, 28, 56, 62]. 

The formation of a trace radium solid solution with a divalent metal salt (MX) 
may be written as 

Ra2+ + MX(c) = M2+ + RaX(c) 

and the tendency of the insoluble salt to incorporate radium can be described by a 
separation factor, KRaMX, defined by 
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fflRa _ ^Ra.MX* NRUX 

mM2+ Nm 

where m and N are the aqueous molality and mole fraction of radium and cation (M) 
in salt X, respectively. If KRaMX is greater than 1, radium will be selectively 
precipitated with the solid. Langmuir and Riese [63] gave thermodynamic data for 
radium in solid solution in a range of strontium, barium and lead salts. A decrease 
in selectivity of the various salts for radium was found with an increase in tempera
ture. KnaMX values in some sulphates and carbonates of geochemical interest are 
listed in Table I [63] and show some surprising variations. For example, according 
to these values, radium is more selectively enriched in celestite (SrS04) and angle-
site (PbS04) than in barite (BaS04). The sequence of selectivity is in the direction 
of the difference of ionic radius and reflects the stronger cation-sulphate bond as the 
cation radius increases (as is reflected in the decreasing solubility with increasing 
radius). Salts containing hydrated cations have much lower KK&MX values and hence 

TABLE I. SEPARATION FACTORS, KRaMX, FOR 
TRACE RADIUM IN MINERAL SULPHATES AND 
CARBONATES. VALUES IN BRACKETS 
INDICATE ESTIMATED RESULTS [63] 

Mineral 
25°C 100°C 

CaS04 

SrS04 

PbS04 

BaS04 

CaS04 

CaC03 

CaC03 

SrC03 

BaC03 

PbC03 

Anhydrite 

Celestite 

Anglesite 

Barite 

Gypsum 

Aragonite 

Calcite 

Strontianite 

Witherite 

Cerussite 

(800) 

280 

11 

1.8 

0.002 

(0.96) 

(0.82) 

0.66 

0.5 

0.067 

(40) 

30 

3 

0.90 

(0.95) 

(0.77) 

(0.29) 

(0.29) 

(0.027) 
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the selectivity of gypsum ( A ^ M X = 0-02) is much less than for anhydrite 
Ô Ra.MX = 800). No carbonate mineral prefers radium over its major cation. Cadi-
gan and Felmlee [62] found springs depositing radioactive barite but, more fre
quently, radioactive deposits around springs contained iron (with arsenic) and 
manganese oxides or hydroxides. Co-precipitation of radium was minimal with 
CaC03. 

In high sulphate groundwater, precipitation and redissolution of calcium, 
strontium and barium sulphates, rather than adsorption/desorption, could control the 
radium concentration. In a study of deep brines, Langmuir and Melchior [66] found 
that the water was saturated with respect to gypsum, anhydrite, celestite and barite, 
but undersaturated by five to six orders of magnitude with respect to RaS04. From 
estimated activities of the various ions in solution, it was calculated that anhydrite, 
celestite, barite, calcite and dolomite could contain 0.022, 0.81, 14, 3.8 X 10~5 

and 1.9 x 10"5 ppm of radium, respectively. Hence, a trace of celestite or barite 
could control the radium concentrations in the water, though this could not be proved 
with the data available. A low redox (Eh) potential, which ensures the absence of 
sulphates, has been cited as permitting high concentrations of radium and barium to 
exist in some oilfield brines [26]. 

The formation of iron and manganese oxyhydroxides is an important mechan
ism for sequestering radium from solution. These can form where either the Eh 
and/or acidity (pH) of a groundwater changes. Manganese oxides are efficient 
scavengers of radium, even from sea water [67] and the precipitation of iron hydrous 
oxides with up to 400% excess 226Ra relative to 238U has been observed at the base 
of weathering in the Koongarra uranium deposit [68]. Co-precipitation of radium 
with iron hydroxides was also noted in the treatment of mineral water by air oxida
tion [69]. Laboratory studies on the sorption of radium on ferric hydroxide are 
detailed in Chapter 4-3 in this volume. 

Felmlee and Cadigan [70] made a statistical analysis of concentrations of 
radium and 28 other geochemical variables and found that radium concentrations 
were controlled by long term rock-solution reactions, though oxidation of water, if 
resulting in precipitation of iron or manganese oxides, could also remove radium 
from solution. Contrasting results have been obtained by Airey et al. [52, 53], who 
used selective leaching to investigate the distribution of uranium, thorium and 
radium amongst mineral phases in weathered schists overlying the Koongarra 
uranium deposit. Whereas uranium and thorium were found in amorphous and 
crystalline iron phases, radium was mostly adsorbed to clay/quartz phases. They 
concluded that the separation resulted from the recoil of radium into solution and 
subsequent sorption to the larger mass of the clay/quartz, which comprises 95% of 
the dry mass. 

The sorption of a species from solution can be described by a distribution 
coefficient, Kd, the ratio of the concentration on the solid phase to that in solution. 
As discussed in Chapter 4-1 in this volume, the distribution coefficient is a rather 
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inadequate parameter for describing the adsorption of a species in a complicated 
solid-solution system. The values obtained are dependent on the substrate, the 
composition of the groundwater, the Eh and pH of the solution, the particle size of 
the substrate, the surface to volume ratio, the flow rate, the temperature and the 
contact time between the solution and the substrate [71-73]. Consequently, it is 
difficult to compare Kd values obtained in different studies and to apply values 
measured in one system to another. However, Kd values do serve as a guide to sorp
tion in different systems and are widely used in mathematical models describing the 
transport of a species through porous media, though many authors now strongly 
recommend against their use [74-76]. 

Measurements of Kd for radium on many different solids have been reported 
and only those relevant to aquifer rocks or for variation of Kd in saline groundwater 
will be discussed in this section. Kd measurements for soil and surface sediments 
are reviewed in Chapters 4-1 and 4-3 (this volume), respectively. Serene and Relyea 
[77] obtained minimum Kd values for radium in sedimentary rocks (associated with 
salt beds), granites, basalts and tuffs of 0.5, 50, 50 and 200 cm3/g, respectively. 
Allard et al. [71] measured the sorption of radium on granite and a bentonite/quartz 
mixture with two different types of synthetic water representing average and saline 
groundwater. The results (Table II [71]) show a lower Kd for radium on bentonite 
than on crushed granite. In both cases the sorption greatly increased with contact 
time and decreased with temperature. Increased sorption with time is commonly 

TABLE II. MASS RELATED DISTRIBUTION COEFFICIENTS FOR THE 
SORPTION OF RADIUM ON GRANITE AND BENTONITE/QUARTZ 
SUBSTRATES FROM SYNTHETIC GROUNDWATER CONTAINING 
(a) NaHC03 (293 mg/L) AND (b) NaCl + NaHC03 (1105 mg/L) [71] 

Granite 

Bentonite/quartz 

Contact 
time 
(d) 

7 

180 

7 

7 
180 

7 

Temperature 

(°C) 

25 

25 

65 

25 
25 

65 

Kd 

a 

100 

500 

60 

50 
160 

80 

(cm3/g) i 

b 

100 

250 

80 

40 
250 

60 
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observed in batch measurements of Kd [78] and is an indication that other, slower, 
processes, such as diffusion or chemical reactions, are occurring and affecting the 
uptake of the adsorbing species. 

Barney [73] measured the sorption of radium and other radionuclides from syn
thetic groundwater on some substrates and fitted the data to a Freundlich isotherm: 

Cn = KCW 

where Ca and Cw are the concentrations of the nuclide on the solid and in solution, 
respectively, and K and N are empirical constants. When N = 1, the isotherm is 
linear and K = Kd. The Freundlich isotherm was found to accurately describe sorp
tion and desorption of all nuclides studied. Synthetic groundwater containing around 
440 mg/L dissolved solids, predominantly NaCl and NaHC03 at pH8.5, and three 
substrates (sandstone, sandstone/claystone and tuff) were used in the study. Approxi
mately linear (N = 1.0) isotherms were observed for radium on the sandstone sub
strates. The values of K (Table III [73]) vary considerably between substrates and 
are markedly temperature dependent. The considerably lower K values for reducing 
solutions are an effect of adding hydrazine (N2H4) to obtain the reducing condi
tions. Desorption indicated a large hysteresis effect for radium on the sand
stone/claystone, demonstrating that the sorption was only slightly reversible, and 
that for this system, a Kd coefficient would not be valid. 

TABLE III. CONSTANTS FOR THE FREUNDLICH ADSORPTION 
ISOTHERM, Ca = KC%, FOR SORPTION OF RADIUM ON SANDSTONE 
AND SILTSTONE. Cw AND Ca ARE IN MOLES/kg AND MOLES/L, 
RESPECTIVELY [73] 

Substrate 

Sandstone 

Sandstone/ 
siltstone 

Sandstone/ 
siltstone 

Eh 
state 

Oxidizing 

Oxidizing 

Reducing 

Temp 
(°C) 

23 
60 
85 

23 
60 

23 
60 

K 

620 
480 

8.31 x 104 

1.83 x 105 

9640 

56 
8.4 

N 

0.94 
0.95 
1.16 

1.18 
0.99 

0.91 
0.98 
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The effects of groundwater composition on radium sorption were also inves
tigated using 20 different types of synthetic groundwater [73]. The components of 
the groundwater that had a significant effect on the radium sorption on both sand
stone and tuff all resulted in a decrease in sorption. For sandstone, those components 
were, in order of increased desorption, N2H4 (hydrazine) > KC1 > Na2S04 > 
NaCl, whereas for tuff, Na2S04 > KCl > N2H4. This order results from the com
petition for sorption sites by cations of similar effective ion diameter and confirms 
that increasing the salinity of groundwater will generally increase the concentration 
of radium in the groundwater. 

Laboratory measurements of crushed rocks might be expected to overestimate 
sorption since crushing will reveal fresh surfaces. In situ rock surfaces are weathered 
or altered by the groundwater, which could either increase the sorption (by the for
mation of sorptive oxides or hydroxides) or decrease the adsorption potential if only 
silica, for example, remains. Measurements of radium sorption in situ may be made 
by analysis of material from the drill core and groundwater [53, 79], though the tech
nique is strictly only applicable to unconsolidated sands and clays where there is 
close contact of all rock surfaces with the groundwater. In situ measurements in a 
hole that has been freshly drilled into a hard rock (e.g. granite) could, as with labora
tory measurements, give falsely high values if sorption occurs in freshly exposed 
rock surfaces. Another method of obtaining in situ sorption data uses the information 
available from analyses of several radium and thorium isotopes in single samples of 
groundwater. For example, Hubbard et al. [10] interpreted almost equal activity 
levels for 226Ra and 222Rn and for 228Ra and 224Ra as evidence of little sorption of 
radium in a saline aquifer with low pH (4.4-6.3). Krishnaswami et al. [7] and 
Davidson and Dickson [11] have proposed methods, discussed in detail below, of 
interpreting isotope data to yield in situ sorption coefficients in static or flowing 
groundwater. 

Another source of information on radium sorption is to apply data obtained for 
the other larger alkaline earth cations [63, 80]. There appear to be few data for 
barium, but there is considerably more information describing strontium sorption in 
natural groundwater systems. ^Sr is a major hazard in high level radioactive wastes 
and there are data from observations following underground disposal of ^Sr 
(e.g. Refs [74, 81]). Field experiments have been carried out to study the transport 
of strontium injected as a small amount of tracer into naturally flowing groundwater 
[82, 83] and many laboratory studies of strontium sorption on rocks and mineral 
phases and migration through rock slabs and cores have been conducted. Unfor
tunately, some laboratory evidence suggests significantly different adsorption 
behaviour between strontium and radium. For example, Rancon [72] examined the 
retention of the three alkaline earth elements, strontium, barium and radium, on sedi
ment as a function of pH and of sodium and calcium concentrations in solution. At 
pH7.5, the respective values for the Kd for strontium, barium and radium were 
8, 200 and 1500 cm3/g, respectively, a surprisingly wide variation. At pHIO, the 



CHAPTER 4-2 355 

values were 80, 700 and 2100 cm3/g, respectively, indicating a different pH depen
dence for the sorption of the three elements. Allard et al. [71] also noted significantly 
lower Kd values for strontium than radium on granite samples. Consequently, stron
tium data may not be applicable to radium, though the information from studies of 
strontium sorption and transport under natural conditions can indicate the factors 
which will also affect radium transport. 

4.1. Kinetics of exchange 

Apart from the observation that adsorption and desorption experiments with 
radium tend to reach equilibrium in 0.5-2 h [35, 36], the kinetics of radium exchange 
on solid surfaces appear not to have been studied in the laboratory. 

Krishnaswami et al. [7] have obtained in situ measurements of the adsorption 
(k]) and desorption (k2) rate constants for five groundwater samples by measuring 
all significant radionuclides in the 238U and 232Th decay series. Mass balance equa
tions, assuming steady state, for each nuclide were given as: 

(a) For the solution phase: P + (k?)Ca - \CW + (k\)Cw 

(b) For the adsorbed phase: (ki)Cw = \Ca + (k2)Ca 

where P is the supply rate of a nuclide to solution by dissolution, in situ production 
and recoil, X is the decay constant of the nuclide and Cw and Ca are the concentra
tions of the nuclide in the solution and on the surface, expressed as concentrations 
per volume of solution, respectively. 

The ratio of the activity of a nuclide in solution, \CW, to its rate of produc
tion, P, is given from these equations as 

0 = \CJP = (k{ + X ) / ^ + k2 + X) 

Rate constants k^ (and k2) for different isotopes of the same element are expected to 
be similar. Hence, fi values from two isotopes can be used to obtain values of k] 
and k2 if values of P can be obtained. To obtain P, Krishnaswami et al. [7] used the 
concentration of 222Rn in the groundwater as a measure of the recoil rate for other 
nuclides. 

The concentration of 222Rn in groundwater is commonly from two to five 
orders of magnitude greater than that of its parent, 226Ra [41, 84-86]. If both 226Ra 
and 222Rn are transferred to solution by recoil, then this disparity indicates very 
strong sorption of radium from groundwater. King et al. [86] suggested that the 
disparity in 222Rn/226Ra ratios between a sand/gravel and a crystalline rock aquifer 
(values of 230 and 6100, respectively) was due to the higher adsorption of radium 
in the second aquifer. As 226Ra may have a significant dissolution source, 
Krishnaswami et al. [7] compared concentrations of 224Ra and 222Rn, which have 
similar half-lives, to obtain values of kx for radium ranging from 0.5 to 11 min"'. 
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The 224Ra/228Ra ratio was then used to estimate values for k^ of around 
5 x 1(T4 min-1. 

Equating the radon concentration to recoil supply does, however, ignore possi
ble differences between the supply of a cation (Ra2+) and an inert gas (222Rn) to 
solution. Andrews and Wood [87] postulated that diffusion along crystal and grain 
boundaries and dislocation planes could be a significant source of 222Rn into solu
tion. Rama and Moore [88] have questioned attributing all of the 222Rn supply to 
direct alpha recoil, noting that the commonly measured concentrations of 222Rn 
require submicrometre sized particles to achieve the necessary surface areas. Such 
particles do not constitute flowing aquifers, where particle sizes are of the order of 
millimetres. Instead, they suggest that water filled pores within mineral grains with 
widths of around 10-20 nm (10-20 x 10"9 m) and very high surface to volume 
ratios receive radon and other nuclides by recoil from the solid. For radon, these 
'nanopores' provide diffusion paths to the intergranular water, whereas non-gaseous 
recoiled nuclides would be effectively adsorbed. Further discussion of the direct and 
diffusion controlled mechanisms of 222Rn escape can be found in Ref. [44]. 

If the particles are of the same size as the recoil distance (50 x 10~9 m), such 
as occurs with deep sea sediments [49], then the recoil supply and radon release can 
justifiably be equated. The model may also be appropriate wherever the majority of 
the radium is adsorbed to a high surface area material, such as amorphous oxides, 
or to clays. However, in general for aquifers, the sorption characteristics of uranium 
and thorium decay products would be overestimated if the recoil supply were equated 
to the radon concentration. Laul et al. [89] used the triad 228Ra-228Th-224Ra to esti
mate that the desorption time for 224Ra produced by the decay of sorbed 228Th was 
of the order of 7 h in a highly saline aquifer where little sorption of radium occurred 
(as indicated by similar 226Ra and 222Rn activity levels). In comparison, the desorp
tion time for thorium isotopes (234Th and 228Th) was around 24 d. 

5. SPECIATION OF RADIUM IN GROUNDWATER 

As discussed in Chapter 4-3 in this volume, radium will be present in low 
salinity solutions as the uncomplexed cation Ra2+. The weak complexes of radium 
with chloride, sulphate and carbonate anions may be present in concentrated water, 
but will not affect the solubility or mobility of radium to any extent in low salinity 
water. Recently, Langmuir and Riese [63] reported the application of data for cal
cium, strontium and barium complexes to extrapolate thermodynamic data for vari
ous radium complexes. The values obtained are given in Table IV and the values for 
the formation constants of RaCO^0) and RaSO^0) are close to the measured values of 
Benes et al. [64]. 

From the estimated values of AT(assoc) for RaSO,P, 10% of the radium in a 
solution with over 20 mg/L SO|0) would be present as RaSO|0) complexes. Hence, 
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TABLE IV. FORMATION CONSTANTS OF RADIUM COMPLEXES 

log£T(assoc) 
Complex 

V 

Ra2+ + OH" = RaOH+ 0.5 

Ra2+ + CI- = RaCl+ -0.10 

Ra2+ + COf = RaC03 2.5 2.48 

Ra2+ + S04
2" = RaSOf 2.75 2.43 

Ra2+ + HCO3- = RaHC03
+ 2.89 

a From Ref. [63]. 
b From Ref. [36]. 

in saline water with high sulphate, a significant proportion of the radium would be 
complexed. Benes [36] suggested that the RaCO|0) complex will be significant only 
in high pH (> 10.25) water and at high carbonate concentrations (>60 mg/L). The 
complex RaCl+ would comprise 10% of the radium in a solution with 5 g/L 
chloride concentration and would thus be of significance only in brines or hyper-
saline water. 

Data from other alkaline earth elements [36] suggest that other dissolved 
species capable of complexing radium include organic substances (e.g. humic and 
fulvic acids). Stability constants for organic acid complexes with radium are given 
by Kubach and Weigel [33]. Dissolved organic carbon (DOC) in groundwater ranges 
from 0.2 to 15 mg/L [90], with the higher concentrations being found in association 
with oil shales and coals. Oil field brines, which can have high radium concentra
tions, can contain up to 1000 mg/L DOC and organic complexes of radium may be 
significant in such water. In general, organic complexes are probably of more conse
quence to surface water than to groundwater (see Chapter 4-3, this volume). 

Colloidal transport in groundwater has been postulated for uranium [91] and 
demonstrated for uranium and thorium [53]. The transport of radium by colloids 
does not appear to have been investigated, though by analogy with other large cations 
such as rubidium, caesium and barium which are readily absorbed by colloids and 
retained by clays and soils [92], colloid formation could act as a transport medium 
for radium. Certainly, BaS04 colloids can transport radium in surface water 
(see Chapter 4-3, this volume) and rapid transport of a small fraction of added 
strontium in a groundwater flow experiment has been attributed to the formation of 
colloidal iron hydroxides [82]. 
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6. TRANSPORT OF RADIUM 

The velocity of a nuclide, v„, as distinct from the water velocity, vw, is 
given by 

v„ = vjfl + (1 - e)pKd/e) = vJR 

where e is the porosity of the aquifer and p is the grain density of the aquifer matrix. 
The term R is called the retardation factor and increases with Kd. For a sandstone 
of density 2.5 kg/L and with porosity around 30%, R is approximately 6Kd. In con
trast, in a fractured granite of similar density with porosity around 1%, 
R = 2500^. If flow is restricted to fractures alone, RIKd could range from 103 to 
105 [94]. Thus, a high Kd value and low porosity can combine to ensure extremely 
slow migration for a nuclide. The measured values of Kd, described in Section 4, 
suggest that radium does not migrate to any significant extent in groundwater. 

A number of recent studies have concluded that the radium in groundwater is 
derived from the vicinity of the sampling location. For example, King et al. [86] 
observed significant variation in 228Ra/226Ra ratios within small and lithologically 
similar areas and concluded that the radium came from the locality of the sampling. 
Similar rapid variations in 226Ra concentrations over short distances in a single 
aquifer have been observed by Kaufman and Bliss [31], Strain et al. [94] and Michel 
et al. [12]. Redistribution of 226Ra within uranium ore deposits produces a charac
teristic pattern of disequilibrium, whereby uranium is leached from high grade and 
deposited in low grade rocks [68, 95, 96]. Such mobilization appears to be over short 
distances only; Santos [96] suggested around 0.3 m, which implies a retardation fac
tor of the order of 2 x 104 (for a water flow of 1 m/a). Granger et al. [95] reported 
mobilization of radium from mineralized areas of a sandstone uranium deposit over 
short distances, but found little radium had escaped from the confines of the deposit. 
Further, in the model devised by Krishnaswami et al. [7] and described in Section 4, 
the ratio of adsorption and desorption rates, k\lk2, is approximately equivalent to 
the retardation factor for a radionuclide. The fast adsorption and slow desorption 
rates obtained give estimates for 226Ra retardation factors of between 9 X 103 and 
1.2 X 105. Such high values imply that radium cannot migrate far from its source, 
a conclusion valid for any water where 222Rn exceeds 226Ra by several orders of 
magnitude. However, as discussed in Section 4.1, 222Rn may enter solution via 
small 'nanopores' with very high sorption for radium and these high retardation fac
tors will be an average of both the internal and external surfaces of the aquifer 
matrix, and hence overestimate the retardation. 

Extensive investigations of possible radium migration have been made around 
tailings dams containing wastes from uranium and phosphate mining and milling 
operations. In the past many such dams were not designed to prevent seepage into 
underlying aquifers and extensive plumes of contaminants now exist around some 
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dams [97]. While species such as sulphate and iron appear to be mobile, radio
nuclides such as radium and thorium do not appear to migrate to any significant 
extent, except in localized zones of low pH water [31, 79, 94, 98]. For example, 
the majority of wells examined near a phosphate processing plant contained 
0.074 Bq/L 226Ra, though four wells contained between 0.37 and 5.6 Bq/L [94]. 
These wells were interspersed among wells with low 226Ra and, as there had been 
no pre-operation survey, could not be specifically related to the phosphate milling 
operation. The isotopic technique proposed by this author and co-workers [24] can 
be used in such situations to determine the nature of the source of the radium [99]. 
Near a uranium tailings dam in Canada, Morin et al. [98] found that radium had 
migrated in low pH water at a rate of 2-5 m/a, equivalent to around 1 % of the water 
velocity. An estimated partition coefficient (similar to KJ) of 70 cm3/g near the 
front of the plume of contaminated water would give a retention factor of 360, or 
a relative velocity of 0.3%. White et al. [79] reported no movement of radionuclides 
other than 238U in a shallow aquifer beneath an inactive uranium mill tailings pile, 
though extensive migration of both uranium and sulphate had occurred. Other exam
ples of the retention of radium beneath tailings dams were reviewed by Benes [97] 
and are discussed further in Parts 1 and 2 in Volume 2 of this publication. This reten
tion of radium is related to the high sulphate concentration of the contaminated 
water, the co-precipitation of radium with gypsum, jarosite and iron hydroxides 
when the tailings water is neutralized by the natural calcite in the soil and the strong 
sorption capacity of soil for radium (see Chapter 1-2 in Volume 2 of this publica
tion). Thus, there is considerable evidence suggesting that radium does not migrate 
to any significant extent in groundwater. 

6.1. Documented studies of radium transport 

The evidence for distant migration of radium is seen in the naturally occurring 
accumulations of 226Ra (and sometimes 228Ra) without any long lived parent. For 
example, the occurrence of radium rich spring deposits [56, 62], radium enrichment 
around salt lakes [27] and radium enriched soil in areas of high rainfall and low salin
ity water [100, 101] are all evidence of natural radium migration in groundwater. 
Rosholt [102] reported spring deposits containing 226Ra and 227Ac (a daughter of 
235U), which were believed to be related 'genetically' to nearby uranium deposits. 
The occasional occurrence of sediments and scales on oil field pipes with high activi
ties of unsupported 228Ra [5, 21, 62] suggests that rapid migration of radium can 
occur. Many of these examples of radium migration occur in aquifers with high 
water circulation, for instance in sedimentary rock aquifers [5, 103] or, as discussed 
above, in saline or hydrothermal systems where the modification of rock surfaces 
and high concentrations of dissolved salts suppress sorption to the aquifer surfaces 
and may form stable complexes with radium to promote longer migration of radium. 
Several examples of radium migration from source rocks have been published. For 
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example, Michel et al. [104] found an extensive loss of radium from a rare phosphate 
mineral, gorceixite, which was considered to have occurred during the past one 
hundred years. Extensive loss of radium was also noted from radioactive hydrocar
bons (thucholites) filling fissures in Swedish quartzite, mobility that was not con
trolled by changing Eh conditions with depth [105]. Only near the surface, where 
clay could have adsorbed the radium, were 226Ra/230Th ratios near equilibrium. 

Direct evidence of radium migration within aquifers is scarce. Cowart [106] 
found a decrease in uranium and an increase in salinity and 226Ra across an inferred 
Eh front in an aquifer. As the increase of 226Ra occurred well beyond the decrease 
in uranium, it was considered that deeper brines were contributing the radium. The 
radium isotope disequilibrium, discussed in Section 1, is also an indicator of radium 
migration. Davidson and this author [11] argued that the observation of 226Ra/223Ra 
activity ratios significantly lower than the equilibrium value of 21.4 implies that Kd 

must be lower than most quoted values. They used a value of around 1 to illustrate 
changes in radium activity ratios in flowing groundwater. This would imply a 
retardation factor of around 10, considerably lower than those frequently described, 
but of the order that is necessary to account for both observed radium migration and 
disequilibrium. 

6.2. Mathematical transport models 

Most studies on radium transport in groundwater have considered the time 
dependent or transient migration of 226Ra alone, as from a uranium tailings dam, or 
as the final member of a decay series leaking from a nuclear waste depository, 
whereas for natural radium in groundwater, the aquifer rocks themselves are the 
source and processes occurring for all members of the decay series must also be con
sidered. The migration can be considered as a steady state process. These two cases 
will be considered separately. 

6.2. J. Transient migration from a localized source. 

Radium-226 occurs as a component of high level radioactive wastes and will 
also grow with time as a decay product of 238Pu, 238U and 242Am. Accordingly, the 
knowledge and data being accumulated in extensive studies of migration of radionu
clides from underground storage and disposal facilities include information on and 
applicable to radium transport. These studies include measurements of distribution 
coefficients for various rock types (Section 4), formulation and computer coding of 
various transport models and field testing of the dispersion of radionuclides. The 
models use a mass balance equation of the form 

C* = (hydraulic terms) + (source terms) — (sink terms) 
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where C* is the time derivative of the total concentration of a nuclide in all species 
in the aqueous phase. Hydraulic terms include the effect of water flow, dispersion, 
which describes the intricacy of the water pathways, and diffusion within micropores 
and into and out of blind pores [93]. Sources include the various processes described 
in Section 2, such as the radioactive decay of parent isotopes. Sinks are the processes 
described in Section 4 and include the radioactive decay of the migrating nuclide 
itself. 

In setting down the model, a variety of assumptions as to the nature of the 
terms must be made. For example, the migration of radionuclides in a decay chain 
through a one dimensional soil column has been described assuming different release 
scenarios [107-109]. Analytical solutions were obtained for the transport equations 
with the radionuclides assumed to be in adsorptive equilibrium (i.e. for the constant 
Kd) with the soil. These solutions give both time and distance variation in the 
nuclide concentration. Other models have been described which include more realis
tic adsorption isotherms and allow for sorption only to accessible surfaces instead 
of the whole rock volume, migration in two and three dimensions, the effects of 
faster flow in rock fissures, the diffusion of migrating species into the rock matrix 
and the effects of dispersion [93, 110-114]. In these studies, analytical solutions to 
the transport equation were obtained which allow the significance of various effects 
on the transport of the species to be estimated, as well as facilitating the estimation 
of parameters from field and laboratory data. 

Analytical solutions to the transport equations can be extremely complex or, 
indeed, impossible to obtain. Solutions to the transport equations can also be 
"obtained by the use of numerical simulation techniques [115, 116]. These methods 
permit a wide range of complexity and variations in physical and chemical properties 
of an aquifer to be incorporated into a model, including linear and non-linear sorp
tion isotherms, point or distributed sources and sinks for the migrating species, 
which can be transient or steady state. Aquifers can consist of multiple formations 
which are confined, unconfined or cross-leaking. In addition, chemical algorithms 
can be included to simulate interphase mass transfer, complexation of species in the 
water, pH variations, precipitation and dissolution of secondary solids and irreversi
ble, time dependent dissolution of solid phases [75, 76, 117]. Further details on the 
many computer programs now available for modelling radionuclide transport can be 
found in the 'INTRACOIN' international comparison of models program [118]. 

The challenge with such comprehensive models is to provide reliable data to 
permit validation of the models and realistic computations. For example, a two 
dimensional model was used to describe the migration of uranium, radium and 
arsenic from a tailings pond [119] and included variation in pH. This allowed the 
pH variation of Kd, which was assumed to increase from 0 (pH2.0) to 100 cm3/g 
(pH7.0), to be included. Numerical estimates for the area around the tailings dam 
indicated initially significant migration in the acid water, but this slowed down as 
the water was neutralized. 
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FIG. 7. Variation in uranium and radium isotopic ratios (a) along three sequential aquifers 
and (b) assuming the placement of a uranium deposit between aquifers I and II. The 
parameters used for all aquifers were e = 0.25, D/V = 10 m, Kd(U) = 32, ¥^(Ra) = 1.2, 
ps =2.5 kg/L and (/x + f) = 0.004. Water entering the first aquifer is assumed to contain 
1.85 mBq/L 238U and 226Ra and have activity ratios of: 234V/238U = 1.20; 226Ra/228Ra 
= 1.0; 226Ra/223Ra = 21.4; 224Ra/22SRa = 1.0. The uranium deposit was simulated by 
increasing the 226Ra activity to 740 mBq/L, setting 226Ra/223Ra to 21.4 and increasing 
234U/238U f0 jQ [Hj_ 
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6.2.2. Steady state migration with a distributed source 

Water flowing through an extended aquifer can derive radium from the aquifer 
rocks by the processes discussed in Section 3. Analytical solutions for the equations 
of the transport model, shown in Fig. 6, have been obtained [11] for the three decay 
series extending from the parent to the radium daughters. These solutions show the 
change in radium activity along an aquifer and take the form: 

Ax + Ax + E expf-KiX) + (A0 - Aa - E)exp(-K2x) 

where A0 is the activity in die incoming aquifer water, Ax is the activity at a distance 
x along the aquifer and A& is the limiting activity (as x —- oo). The constant E is 
related to the activity of a soluble parent (= 0 for 228Ra and 223Ra) and the cons
tants Kt are rate constants given by 

Kt = 2\iR/(V + (V2 + 4\DR)'A) 

where V and D are the velocity and dispersivity of the water and R is the retardation 
factor for the migrating nuclide. The subscript i = 2 corresponds to the radium iso
tope in question and / = 1 refers to 234U (for 226Ra) or 228Ra (for 224Ra). Thus, the 
activity of a radium isotope will change exponentially along an aquifer at a rate that 
may be greater or less than the natural decay rate, depending on the values of V, D 
and R. For most aquifers, D will only have an effect on the activity of 223Ra and 
224Ra when x is small (limiting activities will be reached within days). The rate of 
change for 228Ra depends primarily on its retarded velocity (V/R), whereas that of 
226Ra depends on the retarded velocity of the longer lived 234U and limiting activi
ties for 226Ra may never be reached within the confines of a real aquifer. The limit
ing activity of each isotope is related to the activity of the parent in the aquifer rocks, 
the retardation factor for radium (and for 226Ra and 223Ra, to the uranium concen
tration and retardation in the water) and the transfer parameters for recoil and chemi
cal exchange (/t and/, defined in Section 3). For example, /4(228Ra)oo is given by 

(ix +f)Arh/(l-e)/(Re) 

where e is the porosity of the aquifer and Arh is the activity of 232Th in the aquifer 
host rocks. Figure 7 illustrates calculated variations in radium isotopes along three 
sequential aquifers. 

Predictions were made for various activity ratios of the four radium isotopes, 
assuming a sufficient flow time for limiting activity to be reached. The predictions 
of the limiting ratios (denoted by { }m) included 
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(a) {226Ra/223Ra}00 = 21.4 (the equilibrium value in natural uranium), 
(b) {224Ra/228Ra}00 = 1.5 (50% higher than the equilibrium value), 
(c) {226Ra/228Ra}M = (1.75 + S)(U/Th), 

where 5 is a source term with a value between 0 and 0.25 (assuming A(234U)/ 
A(238V) > 1) and (U/Th),. is the U/Th activity ratio of the aquifer rocks. This latter 
prediction is in contrast to the conventional expectation that the 226Ra/228Ra ratio 
will equal the average U/Th ratio of the aquifer rocks [6]. 

The model was developed to interpret extremely high 224Ra/228Ra and high 
226Ra/223Ra ratios found in some water [11] and to evaluate proposed uses for 
radium activity ratios, such as age dating of groundwater [42], uranium exploration 
[8, 24] and environmental monitoring [99]. 

The model contains too many unknown variables to permit age measurements 
to be made. Instead, a promising application is the measurement of in situ Kd 

values. This requires fitting the model equation to the observed variation of dissolved 
uranium and radium within a flowing aquifer. Parameters such as water flow veloc
ity, aquifer porosity, density and the concentrations of uranium and thorium in the 
aquifer rocks are also required, but are measurable by other techniques. As an exam
ple of this procedure, uranium isotopic ratios, measured in a sandstone aquifer, were 
used to obtain a value of 10 for the Kd of uranium [48]. This is lower than most 
laboratory measurements, which range from 102 to 104 [71], but similar to a value 
of 6 obtained by the application of another model to the same aquifer data [120]. 

7. SUMMARY AND CONCLUSIONS 

The concentrations of radium isotopes in groundwater vary across a wide 
range, which can be attributed largely to interaction between the aquifer rocks and 
the groundwater. Isotopic disequilibrium between radium isotopes is commonly 
found and suggests that alpha recoil is a process for transferring radium from the 
solid to the aqueous phase. Once in solution, radium concentrations are controlled 
by sorption-desorption with the aquifer surfaces and, in groundwater with high sul
phate concentrations, by co-precipitation with insoluble sulphates. Differences of 
opinion exist about the distance radium can migrate in groundwater, generally 
because the high 222Rn/226Ra ratios commonly found in groundwater can be inter
preted in various ways. Analysis of radium and thorium isotopes in groundwater 
could provide a means of estimating in situ sorption of radium and hence determining 
the role of sorption in radium migration. In addition, studies of radium and barium 
concentrations in groundwater could provide an insight into the relative roles of 
chemical and physical transfer processes. The detailed mathematical models now 
available to describe radionuclide transport require reliable data for their application. 
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The measurement of naturally occurring radium isotopes in groundwater offers a 
means of obtaining such data without artificially introducing radionuclides into the 
environment. 
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1. INTRODUCTION 

Surface water receives radium from a variety of sources, discussed in detail 
in Chapter 2-2 (this volume) and in Part 1 of Volume 2 of this publication. The 
natural (background) content of radium isotopes in streams and reservoirs is deter
mined mainly by their contents in water feeding these waterways and by the leaching 
of radium from soil, rocks and sediments into precipitation and surface water. The 
background may vary considerably depending on the radium content in the local 
lithosphere (see Chapter 2-1 in this volume). For instance, total concentrations of 
226Ra in surface water ranging from 0.08 to 300 mBq/L have been reported [1-4] 
for surface water in geological environments with a very low natural concentration 
of uranium to headwater receiving highly radioactive spring water. The relatively 
few data published on similar concentrations of 228Ra indicate a range of 0.2-
130 mBq/L [5-7]. The radium content in unpolluted freshwater sediments usually 
amounts to 1.8-1200 Bq/kg 226Ra [4, 8-10]. 

The environmental impact of natural radioactive water is generally believed to 
be rather small, despite the sometimes large concentrations of 226Ra in such water 
(up to tens or hundreds of Bq/L; see Chapter 2-2 in this volume). This is because 
the occurrence and water flows of highly radioactive springs are comparatively low. 
The associated pollution of surface water with radium might prove significant only 
in the case of the large scale development of this water for the production of 
geothermal energy, as well as for recreational and other purposes. Therefore, the 
most important burden for surface water is the technological activity of man. Unless 
efficient pollution abatement methods are more widely used, wastes from uranium 
and phosphate milling and uranium mine drainage water will continue to be the most 
important local sources of radium in surface water [11]. 

Radium released into surface water is transported in the water, undergoes vari
ous transformations, can deposit and migrate in bottom sediments and may be incor
porated by living organisms, thereby entering the food chain. The migration of 
radium in surface water occurs through a combination of natural processes which 
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are, however, often strongly influenced by man. Among the most important 
processes are: 

(a) Diffusion and advection; 
(b) Changes in physicochemical form (speciation) of radium in surface water 

induced by changes in water composition and other ambient conditions; 
(c) Adsorption1 of dissolved radium on suspended solids and bottom sediments; 
(d) Co-precipitation of radium with solids formed in water; 
(e) Sedimentation of particulate radium and resuspension of bottom sediments; 
(f) Dissolution and desorption of radium from suspended solids and bottom 

sediments; 
(g) Biological uptake and transport. 

Man affects these processes by regulating water flow, by industrial or municipal 
contamination of surface water, dredging, the use of surface water for irrigation or 
technological processes, etc. 

In order to simplify the discussion of radium migration in surface water, it 
would seem to be more useful to look at the individual migration media and processes 
separately, rather than to systematically describe the overall radium migration in 
specific sites. The discussion on migration will therefore be divided into several 
parts, schematically depicted in Fig. 1, and will follow the sequence of the processes 
framed. 

It has been well established that a particularly important role in the migration 
of radium in surface water is played by the interaction of radium with suspended 
solids and bottom sediments. Of primary importance also are physicochemical forms 
in which radium exists in water or in the solid phases. Consequently, both the phys
icochemical forms of radium and the interaction of radium with freshwater solids are 
given special attention, the interaction being discussed in detail in a separate section. 

2, MIGRATION IN WASTEWATER 

This section deals only with the migration of radium in wastewater from the 
point where it leaves a technological facility to the point where it enters a larger 
natural receiving water body. The behaviour of radium during technological 
processes and during purification of wastewater is dealt with in Parts 1 and 2 in 
Volume 2 of this publication. 

To avoid confusion it should be noted that in this section the term 'adsorption' 
denotes any process leading to a concentration of radium from solution onto the surface of 
solids, except for co-precipitation and biological uptake, i.e. it includes physical adsorption, 
chemisorption and electrostatic adsorption also including ion exchange [12]. 
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FIG. 1. Diagram outlining radium migration in surface water. 

The transport of radium in wastewater depends on the physicochemical forms 
of radium, on the composition of the water and on the hydrodynamic conditions in 
the wastewater stream. The available information on the physicochemical forms of 
radium in wastewater is rather limited (see Parts 1 and 2 in Volume 2) and, in this 
respect, any generalization is very difficult to make because of the large variety in 
the composition and nature of the water. Nevertheless, on the basis of simple calcula
tions described in Chapter 3-10in this volume,it can be concluded that the Ra2+ ion 
will be the prevailing dissolved form of radium, except for wastewater containing 
significant concentrations of free sulphates, carbonates and some organic chelating 
agents. In uranium mill wastewater containing high concentrations of sulphates, the 
neutral ion pair of radium sulphate will predominate [13] among the dissolved forms 
of radium. 

The formation of a solid phase consisting mostly of an insoluble compound of 
radium is impossible at the concentrations of radium typical for wastewater (less than 
10 ng/L). For instance, radium sulphate cannot precipitate as its molecular solubility 
(2400 ng/L, Ref. [14]) is not exceeded. However, radium can be co-precipitated 
with several solids found in some wastewater such as barium sulphate, calcium 
sulphate and carbonate, ferric hydroxide, etc. The co-precipitation will depend on 
the composition and/or pH of water, on the concentration of the precipitate, etc. The 
abundance of particulate forms of radium in wastewater may also depend on the 
concentration and nature of other solid particles capable of adsorbing radium on their 
surfaces or carrying radium incorporated in their matrix (rock fragments, etc.). For 
instance, drilling water usually contains a lower proportion of radium in particulate 



TABLE I. PROPORTION OF PARTICULATE RADIUM AND CONCENTRATION OF SUSPENDED SOLIDS IN WATER 
FROM A URANIUM MINE [15] 

Type of water 
Particulate radium (%) Suspended solids (mg/L) 

Min. 

1 

1 

3 

84 

Max. 

3 

19 

89 

98 

Mean 

1.4 + 0.3 

8.3 ± 3.2 

26.0 ± 11.1 

92.2 + 2.3 

Min. 

3 

3 

33 

8 

Max. 

9 

12 

1363 

24 

Mean 

5.4 ± 0.9 

6.4 ± 1.5 

280 ± 217 

13.2 ± 2.4 

» 
Drilling water 

Purified drilling water3 

Mining water 

Purified mining waterb 

a By ion exchange. 
b By precipitation of barium sulphate and sedimentation. 
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form than the more turbid mining water flowing from a mine and directly affected 
by mining activities (see Table I [15]). The proportion can also be affected by the 
purification of the water. 

The bond of radium in particulate solids of wastewater has seldom been 
analysed, although it can significantly influence the further fate of particulate radium 
in surface water. An analysis of the solids from uranium mining water by the method 
of selective dissolution (see Chapter 3-10 in this volume) showed that about 24% of 
the radium contained in the solids was soluble in 1M HC1 and 21 % of the radium 
was probably incorporated in insoluble rocks as it could not be liberated even by a 
hot alkaline solution of ethylenediaminetetraacetic acid (EDTA) [16]. Radium bound 
in suspended solids of purified mining water (cf. Table I) was present mainly in co-
precipitated form with barium sulphate (81.1-92.6%, Ref. [16]). The ratio of 
suspended to dissolved radium has been shown to be in linear correlation with the 
same ratio found for barium [15], indicating the validity of the homogeneous distri
bution (Ghlopin) law for co-precipitation of radium with barium sulphate [12]. It 
appears that the concentration of barium is the main factor determining the form of 
particulate radium in such water. 

Wastewater is usually discharged through a wastewater channel. Experience 
shows that the wastewater channel need not be only a stream conducting wastewater 
to a natural recipient, but also a site where significant changes in concentration 
and/or forms of radium can take place. Various types of wastewater represent dise
quilibrium systems where rapid chemical reactions occur. For instance, mine 
drainage water often contains ferrous ions which are oxidized in contact with air. 
The ferric iron formed in this way hydrolyses and gives rise to floes of ferric hydrox
ide co-precipitating part of the radium present in wastewater in dissolved form [17]. 
Analysis of wastewater purified by precipitation of barium sulphate and flowing from 
a settlement pond revealed that die precipitation of barium sulphate can continue in 
the wastewater channel, resulting in significant changes in the abundance of 
suspended forms of radium over time [16]. 

Several authors noticed a decrease in radium concentration along the 
wastewater flow. The United States Environmental Protection Agency (EPA) 
conducted a study of radium movement in mine drainage water in an arid area of 
New Mexico where uranium mine dewatering or mill discharge caused the only flow 
in a dry river channel. Dissolved radium concentrations were found to rapidly 
decrease with distance (e.g. from 1.1 Bq/L to 0.03 Bq/L in 9.2 km), probably due 
to strong adsorption onto the stream sediments [18, 19]. An analysis of the migration 
of radium released with tailings pond water during an accident in New Mexico also 
led to the conclusion that radium was rapidly removed from the wastewater by sorp
tion or precipitation [19]. 

The removal of radium from the wastewater channel depends very much on 
the 'character' of the channel. For instance, Sebesta et al. [20] noted a significant 
change in the sedimentation of radium in a wastewater channel owing to regulation 
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of the channel. After regulation, most of the sediments which originally settled in 
the channel were transported into the receiving river. 

3. MIXING WITH NATURAL RECEIVING WATER 

The process of mixing (waste) water containing dissolved and particulate 
radium with natural receiving water is related to two important effects on the concen
tration and forms of the radium: the effect of dilution, and of change in water compo
sition. Dilution has been shown to be the principal factor leading to a decrease in 
radium concentration in river systems (see, for instance, Refs [15, 19, 21-23]) and 
to seasonal variations in radium concentration in some systems [7]. The effect of 
dilution with stream water can be generally expressed by the mixing rule. It should, 
however, be emphasized that the mixing rule can be used only if complete mixing 
has been achieved, which depends on the geometry of the mixing, on the turbulence 
in the receiving stream, on the distance from the confluence, etc. There are many 
cases when water from confluent streams remains well separated tens of kilometres 
below the confluence. The mixing rule also assumes conservative behaviour of the 
studied component of the streams, i.e. the absence of processes causing removal of 
the component from the water column or a change in its physicochemical form. This 
assumption need not be true. 

TABLE II. CHECK OF THE VALIDITY OF THE MIXING RULE FOR THE 
MIXING OF RADIUM IN WASTEWATER WITH RIVER WATER3 [15] 

Sampling 

1976-10-25 

1976-11-22 

1977-01-06 

1977-02-17 

1977-03-15 

1977-05-17 

Mean value 

Dissolved Ra-226 

Measured 

0.13 

0.24 

0.35 

0.13 

0.11 

0.13 

0.18 ± 0.04 

Calculated 

0.13 

0.19 

0.16 

0.15 

0.11 

0.18 

0.15 ± 0.01 

Particulate Ra-226 

Measured 

0.70 

1.29 

2.22 

1.22 

0.78 

1.48 

1.28 ± 0.22 

Calculated 

0.70 

1.18 

1.85 

1.41 

1.04 

1.26 

1.24 ± 0.16 

Concentrations in Bq/L, mixing ratio 1:2-1:3. 
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The validity of the mixing rule for the dilution of radium containing water has 
been examined by several authors. Justyn and Stanek [24] analysed the effect of the 
dilution of uranium mine effluents with river water on the concentration of radium 
downstream from the effluent discharge in several localities in Czechoslovakia and 
found that the mixing rule was invalid. Sebesta et al. [15] found good coincidence 
between the calculated and measured concentrations of dissolved, particulate and 
total radium at the confluence of uranium mine wastewater purified by the precipita
tion of barium suphate and of a small river (see Table II). The coincidence indicated 
that factors other than dilution were unimportant there, or that their effects were 
counterbalanced. Such processes as adsorption of radium on solids suspended in 
river water or stabilization of the concentration of dissolved radium by dissolution 
of its particulate forms were probably too slow to significantly affect the concentra
tion approximately 1 km downstream of the confluence, where complete mixing was 
achieved. 

Similarly, Moore and Edmond [25] obtained excellent agreement among the 
calculated and measured fluxes of dissolved radium in the Amazon River and its 
tributaries, indicating the conservative behaviour of radium. The processes of 
adsorption and dissolution probably also played a negligible role in this case. 

Both of these processes, however, are frequently encountered during dilution 
and are responsible for changes in the concentration and the physicochemical forms 
of radium, sometimes extending far downstream from the mixing point. They are 
caused by a change in the composition of water containing radium which can occur 
in the mixing. On the one hand, radium dissolved in wastewater comes into contact 
with solid particles suspended in natural water and can adsorb on them. Because of 
the adsorption, the concentration of dissolved radium sometimes rapidly decreases. 
For instance, Fourcade and Zettwoog [26] reported an average 74 ± 10% decrease 
in dissolved radium in river water only 2 km below the discharge of uranium mine 
and mill effluents found from 1961-1977. A similar, though not so pronounced, 
decrease was described by Markose et al. [22, 23], Tsivoglou et al. [27] and de Jesus 
et al. [28]. Kirchmann et al. [29] found that the ratio of dissolved to particulate forms 
of radium in river water decreased with distance from the point where the river water 
was contaminated with wastewater containing mainly dissolved radium. 

The composition of the water phase can, however, be significantly changed by 
mixing, which can lead to a change in the dissolved forms of radium and/or to a 
change in the abundance and nature of particulate forms of radium. These effects are 
poorly documented for radium and wastewater, but their possible occurrence follows 
from common principles and is analogous to the possibility of radium release from 
freshwater suspended solids observed in estuaries (see Chapter 4-4 in this volume). 
The release is usually ascribed to die increased salinity of water, but with wastewater 
it can, in principle, be due to the mere dilution of wastewater containing a high 
percentage of radium in particulate forms wim natural water, which will cause disso
lution or desorption of radium from suspended solids. This effect is difficult to detect 
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as the decrease in abundance of the particulate forms may also be due to their 
sedimentation. However, it can sometimes be traced from an increase in the absolute 
concentration of dissolved radium with distance from the discharge point (see, for 
instance, Iyengar et al. [30]), or from an unexpectedly low effect of dilution on the 
concentration of dissolved radium. If the analysis of radium content in suspended 
solids is used for the detection of radium release from the solids (see, for example, 
Ref. [31]), account must be taken of the dilution of the solids with uncontaminated 
solids. 

The effect can explain why Justyn and Stanek [24] found higher concentrations 
of radium in river water below the point of discharge of wastewater than those calcu
lated from the mixing rule, or why Bouquiaux [32] observed a decrease in the abun
dance of particulate forms of radium from 75-99% to 20% after dilution of water 
containing 1.6 Bq/L of 226Ra with uncontaminated river water. Evidence of dissolu
tion and reprecipitation of particulate forms of radium induced by dilution has been 
given by Sebesta et al. [15]. The authors found that an equilibrium distribution of 
radium and barium existed between dissolved and particulate forms in mine drainage 
water purified by precipitation of barium sulphate. The equilibrium distribution 
obeyed a homogeneous distribution law valid for isomorphous co-precipitation of 
radium with barium sulphate [12]. Soon after dilution of the purified water with river 
water, the distribution of both elements was significandy distorted, but the original 
distribution was restored 13 km downstream from the dilution point. The restoration 
could take place only due to recrystallization of barium-radium sulphate. 

The dilution, adsorption and dissolution processes also occur when the 
wastewater is discharged into a reservoir. In this case, radium migration is similar 
to that encountered in an estuary (see Chapter 4-4 in this volume) except for the tidal 
effects. The effects of changes in salinity can be reversed if the wastewater is more 
saline than the receiving water. 

4. MIGRATION IN NATURAL STREAMS 

4.1. Dissolved and particulate forms of radium in natural streams 

There are two basic forms of radium migration in surface streams: migration 
in solution and migration in suspended solids. These migration forms, corresponding 
to dissolved and particulate radium, are closely interrelated and are obviously 
connected with bottom sediments of streams via sedimentation of suspended solids 
and resuspension of bottom sediments. Any advanced study of radium migration thus 
has to involve differentiation between the dissolved and particulate forms of radium 
(see Chapter 3-10 in this volume). 

The ratio of the migration forms of radium in streams is largely determined 
by the processes of adsorption of dissolved radium on stream suspended solids and 
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TABLE III. ANALYSIS OF THE PHYSICOCHEMICAL FORMS OF RADIUM 
IN FILTERED (0.45 /*m) RIVER WATER (AFTER REF. [36]) 

Characteristics of the form Ra-226 Ra-228 

Retained on cation exchanger (%) 80 58 

Retained on anion exchanger (%) 7.2 10.2 

Passing through anion and cation exchangers (%) 4.0 17.0 

Non-dialy sable (%) 1.6 11.0 

by dissolution or desorption of radium from the solids. These processes were 
discussed in the previous paragraph. Their kinetics and other quantitative charac
teristics are poorly known, since relatively few data are available on the changes 
observed in natural streams and even the existing data are sometimes difficult to 
interpret because of the complicating effects of dilution and other natural processes. 
Precipitation of slightly soluble radium compounds can be excluded as a process 
affecting radium migration in surface water for the same reasons mentioned in 
Section 2. However, co-precipitation of radium with foreign solids is possible. For 
instance, co-precipitation with ferric hydroxide is probable in river water receiving 
untreated mine drainage waters [33]. The possibility of co-precipitation with ferric 
hydroxide was also indicated for spring water by Dickson et al. [34]. 

Very few data exist on the nature of dissolved and particulate forms of radium 
in surface water. Many authors have assumed that radium is dissolved in such water 
only as hydrated cations, Ra2+ , which is not correct in view of the presence of 
sulphates in most surface water and, consequently, of the possible formation of the 
radium sulphate ion pair [14]. Simple calculation suggests that the abundance of the 
ion pair can be significant (>5%) in water containing more than 43 mg/L of free 
sulphates. This author and ObdrMek [35] analysed the dissolved forms of radium 
in river water with low levels of pollution and in river water contaminated with 
uranium mine effluents. A radiotracer method in combination with free liquid elec
trophoresis was employed. The results indicated the presence of some electrophoreti-
cally immobile (neutral) forms in amounts exceeding the maximum possible 
abundances of the RaS04 ion pair. Very probably, some organic complexes of 
radium were present whose abundances were >14% in the unpolluted river and 
> 11% in the contaminated water. 

Paul and Pillai [36] studied physicochemical forms of 226Ra and 228Ra in 
filtered (0.45 (im filter) river water using ion exchanger columns and dialysis. Their 
results are shown in Table III and indicate that a significant part of the radium was 
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TABLE IV. DISTRIBUTION OF Ra-226 (IN %) AMONG FORMS 
DISTINGUISHED BY SELECTIVE DISSOLUTION OF SOLIDS SUSPENDED 
IN RIVER WATER [16] 

Water 
* sample 

A 

A 

A 

A 

B 

B 

B 

B 

C 

C 

C 

c 

Radium 
form** 

LB 

AS 

BaS04 

CD 

LB 

AS 

BaS04 

CD 

LB 

AS 

BaS04 

CD 

1978-03-06 

0 

40.7 

25.4 

33.9 

0.1 

8.0 

87.9 

4.0 

0.1 

15.4 

84.3 

0.2 

Sampling 

1979-04-

3 

5 

17 

75 

0.3 

9.2 

84.2 

6.3 

0.9 

19.5 

72.6 

7.0 

18 

date 

1979-07-30 

3.9 

55.3 

26.3 

14.5 

0.1 

13.6 

79.8 

6.5 

0.6 

11.4 

81.3 

6.7 

1980-05-26 

3.8 

46.8 

29.9 

19.5 

0.1 

12.9 

85.3 

1.7 

2.6 

17.7 

72.8 

6.9 

* A: little polluted river water upstream of confluence with wastewater channel. 
B: river water 1 km downstream of the confluence, with wastewater channel conveying 

uranium mine effluents purified by precipitation of barium sulphate and subsequent 
sedimentation. 

C: river water 13 km downstream of the confluence. 
** See text for explanation of abbreviations. 

present in a kinetically stable form passing through ion exchangers. 228Ra was also 
present in colloidal form. 

This author, with co-workers [16], analysed particulate forms of radium in 
river water using the method of selective dissolution [37]. Four different forms of 
particulate radium were distinguished: 'loosely bound' (LB), 'acid soluble' (AS), 
radium co-precipitated with barium sulphate (BaS04) and radium in 'crystalline 
detritus' (CD). The results shown in Table IV revealed that particulate radium was 
predominantly barium-radium sulphate in the river water contaminated with purified 
mine effluents. The same conclusion has been drawn for the same samples from 
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other studies [15]. The bond of radium in solids suspended in unpolluted river water 
was considerably different. The main form here was AS or radium CD, indicating 
the prevalence of radium adsorbed on natural solids or incorporated in insoluble rock 
particles, respectively. 

From the point of view of the further migration of radium it is important that 
the proportion of the LB form of radium is very low. This form represented radium 
'liberated' with a 0.1M solution of sodium chloride. Its low abundance suggested 
that radium would not be easily redissolved from suspended solids of the given type 
owing to an increase in the ionic strength of surface water. The same particulate 
forms of radium were further characterized by the electrophoretic method. 
Suspended solids carrying 226Ra were labelled with 224Ra and their electrophoretic 
mobility was determined [35]. The low electrophoretic mobility found indicated the 
very low surface charge (zeta potential) of the solids. 

4.2. Sedimentation and resuspension processes 

Among the most important natural processes affecting the migration of radium 
in streams are sedimentation of suspended solids and resuspension of bottom sedi
ments. Both processes strongly depend on the velocity and turbulence of stream 
flow, and their relative importance for radium migration is proportional to the 
radium content in suspended solids and in bottom sediments. Some information on 
the processes can be derived from a general knowledge of factors affecting the 
suspended load of streams. For instance, Lerman [38] described the concentration 
of suspended solids in streams, C, as a function of river discharge, Q, using the 
equation 

logC = log/4 + mlogQ 

where m and A are constants varying widely from one river to another. 

4.2.1. Analysis of the radium content in river bottom sediments 

The importance of sedimentation for radium migration has been clearly 
demonstrated by a number of authors who found that the radium content in river 
bottom sediments is strongly enhanced below the discharge of radium Containing 
water into a river (see, for example, Refs [19, 27, 30, 33]). Consequently, the 
radium content in sediments has been suggested as being a good indicator of water 
pollution with radium [39]. The finely dispersed fractions of sediments are particu
larly well suited for this purpose [23, 40, 41], and an attempt has also been made 
to distinguish between polluted and unpolluted sediments by means of selective 
extraction [42, 43] (see also Section 7.4). The unpolluted sediments should contain 
a larger proportion of 'detrital' radium, firmly bound in the structure of particles of 
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TABLE V. RADIUM CONCENTRATIONS (IN Bq/g) IN BOTTOM 
SEDIMENTS OF THE PERIYAR RIVER AT ALWAYE, INDIA 
(FROM REF. [7]) 

Sampling place 

Ferry, 1.3 km upstream of Alwaye 

Industrial outfall area 

Ferry, 0.3 km downstream of Alwaye 

Methanam, 1.8 km downstream of Alwaye 

Pre-monsoon 

Ra-228 

0.12 

11.84 

0.98 

0.17 

Ra-226 

0.04 

1.50 

0.13 

0.01 

Post-monsoon 

Ra-228 

0.09 

0.42 

0.22 

0.06 

Ra-226 

<0.01 

0.08 

0.10 

0.24 

soil and rock fragments. Radium in polluted sediments should be bound less firmly 
owing to adsorption on the surface of sediment particles, unless the sediments are 
contaminated with a solid phase containing radium incorporated in the solid matrix. 

Several authors described a pronounced decrease in radium content of river 
bottom sediments with distance from the discharge point (see Table V and Refs [20, 
22, 29, 44-46]. In several cases, the decrease was preceded by a smaller increase 
with distance [23, 43]. The character of the decrease generally depends on the 
character of the river. In areas of uniform velocity of river flow and in the 
absence of significant time variations in the flow rate (absence of flood scouring), 
the decrease tends to be regular, usually exponential [45, 46], If, on the other hand, 
the stream velocity varies with distance owing to the varying character of the river, 
fluctuations in the radium content of sediments can be observed [20, 26, 47]. All of 
these findings are easily explainable in terms of common sedimentation principles 
(see, for instance, Ref. [38]). 

The irregular distribution of radium in river bed sediments along the river can 
also be due to resuspension, transportation and resedimentation of the sediments 
during high flow rates or floods. The scouring and transportation of sediments 
containing radium were detected in many places, but are poorly understood. These 
processes can lead to an increase in the concentration of radium dissolved in water, 
owing to the easier desorption of radium from resuspended sediments as compared 
with bottom sediments. Their extent is rather site specific. 

For instance, Parsont [45] observed no apparent movement of radium contain
ing sediments in a creek system during periods of high flow rate, which was reflected 
in the lack of seasonal variations in radium concentration in the sediments. On the 
other hand, Paul et al. [7] found much higher contents of radium in river bed sedi
ments before the monsoon flood than after it and a shift in sediments with high 
specific activity from industrial outfall areas to downstream locations (see Table V). 
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Temporal variations of radium in sediments indicative of successive scouring and 
removal in flood flows were also detected in the Shirley Basin area of Wyoming [19]. 
Long range transportation of radium containing sediments has been reported by 
Tsivoglou [39] and Pradel [33]. A lack of seasonal changes obviously need not 
exclude the transportation of contaminated sediments. Azevedo et al. [42] observed 
no distinct variations in radium distribution in sediments of a creek system with 
season or distance from a uranium mine and mill complex, but concluded that the 
physical transport of the sediments is one of the most important processes in radium 
migration. 

The 'leap-frog' mechanism of radium transport in sediments is particularly 
important in arid areas where radium is concentrated in dry sediments during dry 
periods and resuspended and transported during floods (Australia, New Mexico, 
Wyoming — see Refs [19, 48]). The EPA developed a model for such a case which 
describes the movement of radium in a river basin. Calculations using the model for 
conditions prevailing in Wyoming or New Mexico have shown that 226Ra/228Ra 
dissolved in flood water owing to scouring of the sediments would not exceed 
0.26 Bq/L. 

4.2.2. Analysis of data on radium concentrations in river water 

The sedimentation and resuspension processes can also be studied by the analy
sis of data on radium concentrations in river water. Either changes in the radium 
concentration with water flow rate at one site or changes along the stream can be 
evaluated. Although the analysis of some of the available data is complicated by the 
simultaneous effect of dilution and/or by uncertainty as to whether dissolved or total 
radium was measured, the data corroborate the common rule that for a given system, 
increasing flow rate tends to diminish sedimentation and to increase resuspension. 
For instance, Stanek [49] found an approximately linear increase in radium concen
tration in river water with increasing river flow rate at a river profile far downstream 
of the discharge of uranium mine and mill effluents. Kwapulinski et al. [50] 
described a pronounced increase in the mean concentration of 226Ra in the river 
water of an industrial area with increasing water discharge from the area. This effect 
was explained by a larger runoff dring the increased discharge and indicates that the 
increase in total concentration of radium in river water need not be due only to the 
resuspension of bottom sediments, but also to the washout of radium containing 
particles (atmospheric fallout, dust from uranium mining and milling, etc.) from the 
river catchment area. 

A number of authors described a decrease in radium concentration along a 
stream which could not be explained by dilution [15, 24, 45, 46, 51]. The decrease 
can be ascribed to sedimentation of particulate radium. Using the analysis of 
suspended solids by the selective dissolution method, this author and his colleagues 
[16] were able to detect the preferential sedimentation of barium-radium sulphate 
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TABLE VI. EFFECT OF FLOW RATE (IN m3/s) ON THE CONCENTRATION 
(IN Bq/L) OF DISSOLVED (DIS) AND PARTICULATE (PART) Ra-226 IN 
RIVER WATER RECEIVING PURIFIED URANIUM MINE EFFLUENTS 

Flow rate Dissolved Particulate DIS/PART 
at site Aa 

Site A Site B Site A Site B Site A Site B 

0.77b 

1.07" 

1.33" 

1.97" 

3.00" 

3.45" 

3.90" 

0.91c 

1.23c 

2.09c 

0.27 

0.07 

0.05 

0.11 

0.08 

0.07 

0.07 

0.21 

0.12 

0.18 

0.16 

0.10 

0.07 

0.14 

0.13 

0.10 

0.09 

0.20 

0.21 

0.17 

0.10 

0.07 

0.02 

0.16 

0.15 

0.19 

0.31 

1.42 

1.00 

2.96 

0.06 

0.07 

0.11 

0.26 

0.40 

0.50 

0.57 

0.52 

0.70 

1.11 

2.77 

0.96 

2.18 

0.66 

0.56 

0.40 

0.23 

0.15 

0.12 

0.06 

2.67 

1.39 

0.66 

0.54 

0.32 

0.19 

0.16 

0.59 

0.30 

0.15 

a Site B was ~ 12 km downstream of site A; the increase in the flow rate between A and 
B did not exceed 24%. 

" Calculated from data by Hanslik and Mansfeld [51]. 
c Calculated from data by Sebesta et al. [15]. 

3 
X 
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FIG. 2. Ratio of soluble to insoluble radium (X) in river water at an industrial outfall area 
as a function of the water pH [7]. 
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among the particulate forms of radium in a stream strongly polluted with wastewater 
from a uranium mine. 

Resuspension of sediments containing radium was first noticed by Tsivoglou 
et al. [52], who found a direct relationship between suspended activity and the stream 
flow rate. A similar relationship is demonstrated in Table VI by data adopted from 
Hanslfk and Mansfeld [51] and Sebesta et al. [15]. The resuspension is also indicated 
by the downstream increase in the radium concentration in river water during periods 
of high water flow (see Table VI and data by Iyengar and Markose [44]). 

The effect of sedimentation and resuspension can be most easily analysed from 
the changes in the ratio of dissolved to particulate radium in water. As shown in 
Table VI, the ratio decreases with increasing flow rate at a given site. Below a certain 
('critical') flow rate the ratio increases along the stream owing to sedimentation of 
particulate radium. Above the critical value, resuspension of bottom sediments 
prevails and the ratio decreases with distance. The critical value of the flow rate 
depends, without doubt, on the character of the stream and also on the amount of 
bottom sediment which accumulated at the given site (compare the different ratios 
in Table VI at sites A and B and those measured several years apart at the same 
stream). These facts probably explain why the effect of flow rate on the proportion 
of particulate forms of radium can be very variable [31]. 

Because of the many factors influencing it, the ratio of dissolved to particulate 
radium in a stream varies considerably over time and from site to site [15, 26, 29, 
31, 41, 51, 53]. Values from 0.01 [32, 54] to 24 [46] have been reported. However, 
at least part of the variation may have been due to the different separation methods 
used by the authors (see Chapter 3-10 in this volume). No distinct seasonal varia
tions have been found except for the effect of river flow rate discussed above. Paul 
et al. [7] described an interesting relationship between the ratio of dissolved to partic
ulate radium and pH in river water close to an industrial outfall area. The ratio was 
equal to ~ 1 at pH ~ 6 , less than 1 at pH < 6 and higher than 1 at pH > 6 (see 
Fig. 2). The phenomenon probably reflects the pH dependence of radium adsorption 
on suspended solids (see Section 7.3). However, the possibility cannot be excluded 
that the effect was partially due to the different speciation of radium in the source 
of local contamination. 

4.3. Release of radium from resuspended sediments 

A closer analysis of the data presented in Table VI reveals that the concentra
tion of dissolved radium in river water depends only to a small extent on the flow 
rate, except for the lowest values of the flow rate. At higher flow rates, the concen
tration increases along the stream, although no additional source of dissolved radium 
was present in the system under study. These findings point to the redissolution of 
radium from resuspended bottom sediments which counterbalances the effect of dilu
tion and brings about an increase downstream in dissolved radium concentrations. 
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Redissolution was in fact assumed by Tsivoglou et al. [27], who claimed that a large 
fraction of dissolved 226Ra in the Animas River downstream of a uranium mill 
resulted from leaching of river bed deposits. Similarly, Iyengar et al. [30] believed 
that the comparatively high radium concentration in river water during monsoon 
periods was a result of solubilization of radium bound in sediments. 

The redissolution of radium gives rise to the question of how large are the 
quantities of radium which can be released in this way. This problem has been 
studied by laboratory experiments and is dealt with in Section 7. From the laboratory 
and field (New Mexico) data, the EPA [19] concluded that only 10% of radium 
deposited in sediments will go back into solution in flood water. The importance of 
the redissolution in nature is probably diminished by sediment burial and dilution. 
It can also be assumed that a certain leachability limit exists which, after being 
reached, results in no more radium being removed regardless of the duration, 
frequency or intensity of agitation. In this section, only redissolution of radium from 
suspended sediments has been considered. However, radium can be released, 
although probably more slowly, directly from bottom sediments. This process is 
briefly discussed in Section 6. 

Technologically contaminated sediments in a river can become a major source 
of radium to the river even after the technological activity causing the contamination 
ceases. This was probably the case for a French river receiving effluents from a 
uranium mine and mill in Forez. After an efficient purification system for the 
effluent stream was installed, the radium concentration in the effluents decreased 
below the level of radium concentrations in the river water [26]. The level continued 
to exceed the natural background, indicating a parasitic supply of radium into the 
river water. The supply diminished with time and was at least partially due to the 
release of radium from the contaminated sediments. 

4.4. Modelling of radium migration in streams 

All of these findings indicate the importance of radium interaction with fresh
water solids, of sedimentation and of the resuspension of the solids as influences on 
radium migration in streams. The migration of radionuclides in streams is nowadays 
often analysed by means of mathematical models. A considerable number of such 
models have already been published in the literature, with some of the models includ
ing interaction with suspended and bottom sediments (see, for instance [55, 56]). 
These models can also be used for radium. However, the complicated nature of 
sedimentation and resuspension and the poor knowledge of radium interaction with 
freshwater solids (see Section 7) make the use of such models very difficult. The 
model input data for radium are almost entirely missing and therefore no serious 
attempt has yet been made to use the models for the analysis of radium migration 
in streams. 
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5. MIGRATION IN WATER RESERVOIRS 

In contrast to the situation in streams, the sedimentation process in reservoirs 
is of dominant importance. Sedimentation of particulate radium in reservoirs can be 
strongly enhanced by the absence of larger streams. It is therefore to be expected 
that the average ratio of dissolved to particulate forms of radium in reservoirs 
will be higher than in streams. This assumption is supported, for instance, by the 
data of Marple and Zettwoog [47], who found this ratio to be more than three times 
higher in a water reservoir than in a river feeding the reservoir. Iskra et al. [57] 
determined that the ratio varied from 27.3 to 2.0 in the case of radium added to lake 
water in a glass cylinder, depending on whether bottom sediments were absent or 
present, respectively. The results also indicated the possible effect of water plants 
on the ratio. 

Radium distribution and forms in reservoirs are probably more susceptible to 
seasonal changes owing to stratification, upwelling and biological effects, but 
experimental data demonstrating the changes are not available. Possible effects of the 
processes mentioned on radium migration in reservoirs can be at least partially 
derived from the general theory of sedimentation in lakes, treated comprehensively 
by Lerman [38]. The author quoted unpublished data (page 367) by Imbodena 
indicating a uniform distribution of radium with depth in a freshwater lake. Tones 
[8] analysed the concentration profile of radium in a 110 m deep lake formed from 
a water filled, open pit uranium mine. She found that radium was concentrated in 
the deepest layer of stratified water, where there was almost no dissolved oxygen. 
Most of the radium present below 60 m depth was dissolved (83-100%). The surface 
concentration of the radium was several times lower. 

Natural resuspension of bottom sediments in deep reservoirs is very unlikely 
and such sediments thus represent a nearly permanent sink for radium. A larger 
probability of radium release from sediments exists in shallow reservoirs (several 
metres deep), particularly in those characterized by a variable water level or by well 
developed water currents. Justyn [58] compared radium concentrations at the inlet 
and outlet of a shallow pond contaminated with waste solids from uranium mine 
effluents and found a release of approximately 10% of radium from the pond. The 
release was dependent on the scouring of sediments, whose intensity increased with 
decreasing water level. 

Stanek [49] determined the concentrations of radium in water and bottom sedi
ments of a reservoir created by a river dam. The variations in the concentrations 
along the reservoir profile from the river inlet to the dam outlet were rather low, 
the highest concentrations being found near the river inlet. The latter finding indi
cates partial sedimentation of radium in the reservoir. The average retention of river-
borne radium in the reservoir found by the author was 18%. However, the relative 
abundance of suspended forms of radium increased from 27% at the river inlet to 
30% in the water leaving the reservoir (below the dam), which indicates a complicat-
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ing effect, probably owing to the scouring of bottom sediments in the vicinity of the 
near bottom outlet of the dam. 

6. MIGRATION IN BOTTOM SEDIMENTS 

This section will briefly discuss the migration processes of radium in, into and 
from bottom sediments undisturbed by water currents, i.e. in the absence of any 
significant scouring of the sediments. The general theory of the migration of 
elements in bottom sediments and across the sediment-water interface pertaining to 
such a case has been given by Lerman [38]. It can be derived from the theory that 
radium behaviour in bottom sediments may be characterized by the following factors 
and processes: 

(a) The nature and composition of the sediment are the primary factors determin
ing the migration of radium. The size of particles in distribution and the shapes 
of particles in the sediment affect its porosity, which is commonly between 
70-90% in surface layers and decreases to 40-60% in deeper layers [38]. 
Water contained in the pores (the pore or interstitial water) represents the main 
migration medium. Its composition is significantly influenced by the composi
tion of sediments. 

(b) Radium undergoes adsorption and desorption processes that largely determine 
its distribution between the pore water and the sediments. The distribution also 
depends on the composition of the pore water, which can differ substantially 
from the composition of water overlying the sediment layer. 

(c) Chemical reactions involving organic matter and minerals, such as the decom
position of organic matter, the reduction of sulphate to sulphide, the dissolution 
and precipitation of mineral phases, etc., can bring about the desorption/disso-
lution of radium into pore water or adsorption/co-precipitation of radium from 
the pore water. 

(d) The existence of a concentration gradient in the pore water can cause a diffu-
sional flux of radium which, in combination with the adsorption/desorption and 
co-precipitation processes, leads to a redistribution of radium throughout the 
sediment layer. 

(e) Higher or lower concentrations of radium in sediment pore water relative to 
the overlying water can establish the conditions for diffusional flux that results 
in the release of radium from the sediment layer or in the concentration of 
radium from the overlying water to sediments, respectively. 

(f) The sediment deposition rate, which can amount up to centimetres per year in 
lakes and man-made reservoirs, significantly affects the probability of radium 
release from the sediments as it determines the rate of burial of the deeper sedi
ment layers. 

(g) Groundwater inflow to a stream or reservoir can bring about an upward flow 
of sediment pore water and the release of radium from sediments, which is 
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significant in the case of a continuing dissolution or desorption of radium from 
sediments to the pore water, 

(h) The activity of bacteria and benthic organisms (generally confined to the upper 
few centimetres of the sediment column) may affect radium migration owing 
to radium uptake by these organisms, to their effect on the chemical reactions 
in sediments, or to bioturbation of sediments. 

The relative importance of these factors and processes for radium migration 
in surface water remains little documented. For the long range transportation of 
radium, the release of radium into overlying water (point (e) above) is probably the 
most important. Most of our knowledge on this process concerns, however, estuarine 
systems (see Chapter 4-4 in this volume). The only release of radium from creek 
bed sediments, well documented by field data, was reported by Bollinger and Moore 
[59] for a small marsh-tidal creek system. These authors observed that the concen
tration of radium dissolved in water decreased linearly with the increasing depth of 
the water column, affected by tide. They calculated and directly measured the fluxes 
of 224Ra and 228Ra from the sediments and concluded that a large portion of radium 
release is due to irrigation and bioturbation of the top 5 cm of sediments. 

An indication exists that the vertical redistribution of radium in sediment 
columns (point (d)) is rather slow: several authors reported that radium discharged 
into surface water contaminated only the surficial layers of sediments [29, 49, 58, 
60]. Stanek [49] studied the vertical migration of radium in sediment layers which 
were taken from bottom sediments of river dams and placed in glass cylinders in the 
same sequence as was present in the dams. Some of the experiments were carried 
out with the addition of 226Ra in the top layer. Both the 'labelled' and unlabelled 
experiments led to the conclusion that the downward migration of radium was very 
slow. For instance, only 3.6% of the radium added to the homogenized top 20 cm 
of the sediments migrated in one month to the 20-30 cm layer and 1.6% to the 
30-40 cm layer. Some additional information can be obtained from the studies of 
radium interaction with sediments, as discussed in the following section. 

Mathematical models similar to those describing the groundwater migration of 
radium can also be developed for migration in bottom sediments [38]. However, the 
complicated nature of the migration and the scarceness of input data pertaining to 
radium make the usefulness of such models very doubtful. 

7. INTERACTION OF RADIUM WITH FRESHWATER SOLIDS 
(SUSPENDED SOLIDS AND BOTTOM SEDIMENTS) 

7.1. Different approaches for studying the interaction 

In view of the well established importance of suspended solids and bottom sedi
ments for radium migration in surface water, a number of authors have tried to 



392 BENES 

obtain data characterizing the interaction of radium with freshwater solids. The 
efforts have been directed toward the investigation of the uptake (mainly adsorption) 
of radium by the solids and the release (desorption or dissolution) of radium from 
the solids. Some of the data obtained have been discussed above, while other investi
gations were based on the analysis of the correlation between radium contents in 
freshwater solids and the composition or other properties of the solids. Several 
authors tried to clarify the radium bond in freshwater solids using the method of 
selective extraction (see Chapter 3-10 in this volume). However, the major part of 
the investigation has been carried out by laboratory experiments. Two general 
approaches have been adopted: 

(a) Investigation of radium distribution between natural water or aqueous solution 
and freshwater solids, 

(b) Study of the radium distribution between water phase and model solids 
representing components of freshwater solids. 

The principal advantage of the second approach lies in simpler interpretation 
of the distribution and in the possibility of inferring the probable importance of the 
represented component for radium uptake by freshwater solids. However, data 
obtained in this way should be interpreted cautiously (see below) and it is advisable 
to compare them with data characterizing freshwater solids. 

The distribution of radium between the water phase and freshwater solids can 
be influenced by the following main factors: 

— Duration of contact between water and the solids; 
— Ratio of the volume of water to the amount of the solids (liquid/solid ratio, or 

Vim); 
— Composition and granulometric properties of the solids; 
— Composition of the water phase, the nature of the radium bond in the solids. 

In discussing the effects of these factors, it is worthwhile to distinguish between 
studies concerned with the uptake and release of radium. 

7.2. Uptake of radium by components of freshwater solids 

Freshwater suspended solids and bottom sediments represent mixtures of solid 
particles composed of a variety of minerals, amorphous inorganic precipitates and 
organic compounds, often including living organisms (see, for instance, Ref. [61]). 
Because of the multicomponent nature of freshwater solids, it is difficult to analyse 
the effect of their composition on radium uptake, although the effect is often very 
pronounced (see Section 7.3.). The analysis of the effect can, however, be aided by 
the investigation of the radium interaction with model solids representing compo
nents of freshwater solids. Some laboratory data exist for such an interaction, a part 
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TABLE VII. DATA CHARACTERIZING ADSORPTION OF RADIUM ON 
MODEL COMPONENTS OF RIVERBED SEDIMENTS [64]a 

Substrate 
K 

(mg/L) 
A, max 

(%) 
Kd±r 
(mL/g) 

Quartz 

Feldspar 

Limestone 

Dolomite 

Kaolin 

Biotite 

Bentonite 

Phlogopite 

Quartz 

Feldspar 

Limestone 

Dolomite 

Kaolin 

Biotite 

Bentonite 

Phlogopite 

346 

34 

584 

60 

29 

34 

3.4 

165 

Distilled water 

95.6 

95.6 

93.1 

95.8 

96.4 

97.3 

98.1 

98.1 

3020 ± 290 

13 400 ± 8500 

1730 ± 90 

23 700 ± 5200 

61 800 ± 29 700 

33 200 ± 5800 

393 000 ± 84 000 

8100 ± 2200 

2021 

1187 

8333 

362 

7009 

138 

277 

604 

Tap water 

79.3 

95.7 

84.4 

98.6 

95.2 

99.7 

73.8 

97.2 

480 ± 200 

670 ± 60 

96 ± 10 

2300 ± 170 

139 ± 21 

6660 ± 620 

2710 ± 600 

1370 ± 170 

For explanations of the symbols, see Section 7.3.1. The particle size of all substrates 
was less than 0.1 mm. 

of which was obtained for purposes other than for the analysis of the interaction of 
radium with freshwater solids. 

In a study of radium removal from mill effluents, Arnold and Crouse [62] 
found that radium is strongly absorbed on barite, clinoptilolite and chabazite. Moore 
and Cook [63] demonstrated that oxides of manganese (MnO + Mn02) represent 
efficient adsorbents for radium in drinking water. As manganese dioxide can exist 
as a surface coating on particles of freshwater sediments [61], it may play a role in 
radium uptake. 
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Kffbek et al. [60] studied the adsorption of radium on ferric hydroxide, which 
can also form a particle coating in freshwater systems [61]. It has been found that 
the adsorption affinity of ferric hydroxide for radium in freshwater is larger than that 
of soils, but it decreases with the age of the hydroxide. Mansfeld and Hanslik [40] 
and Mansfeld [64] compared the sorption affinities of eight minerals toward radium 
in distilled and tap water. The order of the affinities was different for distilled water 
and for tap water (see Table VII), which was explained as being due to the effect 
of ions dissolved in tap water. Onishi et al. [55] concluded from literature data that 
radium is selectively adsorbed on zeolites and barite. 

One extensive study of the adsorption of radium on minerals was carried out 
by Ames et al. [65-67] as a function of radium concentration and temperature, 
though at conditions seldom or never encountered in surface water (1-105 ^g/L Ra 
and Vim = 10-20 mL/g). Adsorption on clinoptilolite, montmorillonite, nontronite, 
opal, silica gel, illite, kaolinite, glauconite, biotite, muscovite and a secondary smec
tite was studied from 0.01M NaCl or artificial groundwater. Clinoptilolite, illite and 
nontronite were the most efficient radium sorbents, while opal and silica gel were 
the poorest. The authors claimed that the sorption efficiency of the minerals for 
radium generally correlated with their cation exchange capacity, except 
for montmorillonite [66]. The concentration dependence of the adsorption fitted the 
Freundlich adsorption isotherm 

ma = Kn
c 

where ma is the adsorbed amount of radium, c is the equilibrium concentration of 
radium in the water phase, and K and n are constants. However, the exponent n 
significantly exceeded unity in some cases, which was interpreted as 'precipitation' 
of radium. The effect of temperature (5-65 °C) was variable, but the occurrence of 
the precipitation was higher at higher temperature. 

Lowson and Evans [68, 69] investigated the adsorption of radium on a 
alumina, kaolin, montmorillonite and illite from aqueous solutions at 
Vim = 1000 mL/g. They found that radium is little adsorbed on alumina at pH8. 
Significant adsorption starts at pH~8 and —50% of radium is adsorbed at pHlO. 
The authors inferred that below the radium concentration of 0.1 ^tmol/L, the relative 
adsorption (in %) is independent of radium concentration. Adsorption of radium on 
kaolin was similar to the adsorption on alumina, only higher. The pH dependence 
of the adsorption on illite and montmorillonite was quite different. The adsorption 
was already significant (~ 20%) at pH3 and increased almost linearly with increasing 
p H t o p H ~ l l . 

In a series of experiments designed for the analysis of the role of mineral 
components in radium uptake by freshwater solids, this author and co-workers 
studied the adsorption and desorption of radium on quartz sand and ferric hydroxide 
[70], kaolinite and montmorillonite [71], muscovite and albite [72]. Albite was 
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FIG. 3. Adsorption of radium (in %) from aqueous solution containing 8-40 pg/L Ra and 
0.01 mol/LNaCl on minerals at V/m = 5000 mLlg. 1: muscovite; 2: albite; 3: montmoril-
lonite; 4: kaolinite; 5: quartz; 6: ferric hydroxide (V/m = 10 000 mLlg) [70-72]. 

chosen to represent the group of feldspars. The effects of pH, liquid to solid ratio 
{Vim), time, ionic strength (Na+) and the presence of calcium and sulphate ions 
were studied with the aim of assessing the possible importance of the solids under 
study for radium interaction with freshwater solids and to determine which ambient 
factors significantly affect the interaction. The conditions of the experiments were 
chosen to simulate as closely as possible the conditions prevailing in real systems. 
The original concentration of 224Ra in the solution amounted to 8-40 pg/L, and the 
ratio of the solution volume to the amount of adsorbent {Vim) ranged from 10 mL/g 
to 10 000 mL/g. 

It was found that the kinetics of the adsorption of radium on all the model solids 
was very rapid, the adsorbed amount did not change from 1 h to 17 h of contact, 
the major part of the radium being adsorbed during the first 10 min. It can therefore 
be assumed that the kinetics of radium adsorption on the corresponding components 
of freshwater solids will be more probably determined by the transport of radium 
to the surface of the solids (diffusion, eddy diffusion) than by the adsorption process 
itself. 

The adsorption of radium on ferric hydroxide and quartz strongly depended on 
the pH value of the solution in the pH region often encountered in surface waters 
(6-8). The similar dependence of the adsorption on kaolinite was much less 
pronounced, whereas the adsorption of radium on montmorillonite, muscovite and 
albite was almost independent of pH in the pH region of 6-8. The pH dependence 
of the adsorption on most of the solids was studied in the pH range of 2.5-11.5 (see 
Fig. 3). 
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TABLE VIII. ADSORPTION (A) OF RADIUM ON QUARTZ FROM A 
SOLUTION AT pH7.37 (0.005M Na2B407, 0.005M HCl) AS A FUNCTION OF 
THE LIQUID/SOLID RATIO {Vim) [70] 

Vim 
(mL/g) 

5000 

3333 

500 

200 

100 

50 

25 

10 

A 

(%) 

28.1 

33.7 

73.0 

83.2 

89.2 

91.7 

94.5 

94.5 

Kd 

(mL/g) 

1954 

1694 

1352 

990 

826 

552 

430 

172 

Kd 

(mL/g) 

2116 

1847 

1698 

1473 

1683 

1637 

— 

A very distinct effect of the liquid/solid ratio {Vim) on adsorption was found. 
The percentage of adsorbed radium (4) increased with decreasing Vim until a maxi
mum value Amm was achieved (see Table VIII) ranging from 94.5% for quartz to 
99.3% for albite at pH7.4-8.0. The distribution coefficient Kd, defined as 
Kd = .4(100- /4)"1F/m,decreased substantially with decreasing Vim, On the other 
hand, the modified distribution coefficient Kd = AiA^^—A)'1 Vim was fairly 
constant. The following values of K'd have been found for pH7.4-8.0: 1742 for 
quartz, 2937 for kaolinite, 8716 for montmorillonite, 31 900 for albite and 90 400 
for muscovite. 

The study of the effect of solution composition revealed that sulphate ions at 
a concentration typical for fresh water (60 mg/L) had a negligible effect on radium 
adsorption by model solids. Calcium ions at a concentration of 30 mg/L suppressed 
the adsorption moderately, except for that on ferric hydroxide and muscovite. The 
increase in the concentration of sodium ions in the solution from O.OOlMtoO.OlM 
slightly affected the adsorption on ferric hydroxide, albite and montmorillonite, but 
not on quartz, kaolinite and muscovite. The similar increase from 0.01M to 0.1M 
in concentration significantly suppressed the adsorption, with the exception of that 
on ferric hydroxide. Its effect on adsorption on muscovite was dependent on the pH. 

From these findings it was concluded that at pH < 7 and the concentration of 
suspended ferric iron less than 5 mg/L, ferric hydroxide had a negligible effect on 
the state and migration of radium in surface water. A similar conclusion is valid for 
suspended quartz at a concentration of less than 100 mg/L. The other solids studied 
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represent significant components of freshwater sediments or suspended solids from 
the point of view of radium adsorption. Their individual roles in this respect will be 
proportional to their abundance in the sediments or solids and to the corresponding 
distribution coefficients, K.4. Under comparable abundance levels, this role will 
increase in the order kaolinite < montmorillonite < albite < muscovite. 

It must be stressed here, however, that making quantitative conclusions on 
radium interaction with freshwater solids on the basis of data obtained with model 
components would be possible only if the following conditions were met: 

(a) The adsorption properties of sediment components are identical with those of 
the model solids chosen to represent them. 

(b) The mutual effect (e.g. owing to screening) of components in the sediments 
on their adsorption properties is negligible or known. 

Unfortunately, the fulfilment of these conditions cannot be reliably checked [61, 73, 
74], although it was assumed in the construction of several models of trace element 
uptake by multicomponent sediments [73, 75, 76]. This makes the drawing of quan
titative conclusions very difficult. 

This warning is to be emphasized especially for the assessment of the role of 
organic matter where, in particular, the fulfilment of the first condition mentioned 
above (point (a)) is doubtful. Information on radium interaction with organic matter 
relevant for the assessment is very limited. Drozdova [77] found that radium is 
adsorbed onto humic acid isolated from peat more than other alkaline earths. Titaeva 
[78] studied the adsorption of radium from natural water on peat, humic acid and 
humates (remaining after alkaline extraction of peat). Adsorption at Vim = 67 mL/g 
came to an equilibrium within 24 h and increased slightly (95 — 98%) from pH5 
to pH8. The values of Kd varied widely from one sample of peat to another. 
Adsorption on humates was higher than on humic acid. Alkaline extraction of peat 
with adsorbed radium left most of the radium bound to insoluble residue. From her 
data, Titaeva concluded that radium is bound in peat to insoluble organic-mineral 
complexes, humates. In the absence of larger amounts of calcium, the bond has an 
exchangeable character, i.e. radium can be replaced with cations. The presence of 
calcium in water makes the bond poorly exchangeable. Titaeva assumed that calcium 
brings about structural changes in the adsorbent, resulting in strengthening of the 
radium bond in peat [78]. 

7.3. Uptake of radium by freshwater solids 

7.3.1. Quantifying solid-liquid interactions 

Except for one study carried out with suspended solids in unfiltered surface 
water [35], laboratory investigations of the uptake concern bottom sediments. Most 
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TABLE IX. EFFECT OF THE LIQUID/SOLID RATIO AND BARIUM IONS 
ON RADIUM ADSORPTION BY SEDIMENTS [79]a 

Vim 
(mL/g) 

10 

50 

500 

10 

50 

500 

10 

50 

500 

cBa2+ 

(molar) 

10"5 

io-5 

io-5 

10"4 

10"4 

10"4 

10-3 

10~3 

10"3 

Adsorption 

• ( % ) 

93.7 

81.9 

42.8 

91.1 

70.3 

42.2 

77.7 

48.4 

12.8 

Kd 

(mL/g) 

149 

225 

374 

103 

118 

365 

35 

47 

73 

a A little-contaminated riverbed sediment; particle size < 2 mm; solution for adsorption 
prepared from distilled water; original concentration of Ra-226 in the solution: 
740 Bq/L. 

of the investigations used rather large concentrations of sediments and the establish
ment of equilibrium or, better, steady distribution of radium was very rapid: during 
the first 10 min - 2 h of contact, more than 90% of the final value was achieved 
[49, 51, 74, 79, 80]. Hanslfk and Mansfeld [51] and Mansfeld [79] found that the 
kinetics of radium adsorption on sediments depends on the pretreatment of the sedi
ment. The drying of sediments generally slowed down the subsequent adsorption, but 
the effect was rather low. Furthermore, moderate effects of sediment particle size 
and of the liquid/solid ratio, Vim, on the kinetics were noted. 

The radium uptake by suspended solids in unfiltered surface water was, 
however, much slower and the increase in the uptake continued for more than 200 h 
[35]. The most probable reason for the difference was the higher liquid/solid ratio 
in this case. The liquid/solid ratio (Vim) has also been identified as a primary factor 
affecting the extent of the equilibrium adsorption of radium by sediments [40, 51]. 

The effect of Vim on ionic adsorption is usually expressed using the relation: 

Kd = (mJms) vlm 

where ma and ms are quantities of radium adsorbed and remaining in solution, 
respectively, and Kd is the distribution coefficient. Kd is often considered as being 
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independent of Vim and thus suitable for a quantitative description of the equilibrium 
distribution of radionuclides in natural solid-liquid systems (see, for instance, 
Refs [54, 55]). Consequently, some authors also used Kd for the characterization of 
radium distribution between water and solids in surface water [19, 47, 49, 55]. 
Values for Kd in the range of 100-65 000 mL/g have been found in laboratory 
experiments, indicating the pronounced effect of composition and other properties 
of the solids [55, 80, 81]. These values are comparable with those obtained from the 
analysis of radium concentration in water (cw) and bottom sediments (cs) of surface 
water: Kd = cslcw = 34-40 000 mL/g [4, 22, 82, 83]. 

However, the effect of Vim on radium adsorption by sediments is not simple, 
as demonstrated in Table IX. It can be seen that the distribution coefficient, Kd, 
increases with increasing Vim (see also Table VIII for quartz). Because of the incon
stancy of the Kd value pertaining to one type of sediment, Mansfeld [64, 79] 
concluded that Kd is not a suitable parameter for characterizing the adsorption 
properties of sediments for radium. In a thorough study of radium adsorption on 25 
different river sediments, the author came to the conclusion that for each sediment 
a certain maximum percentage of radium adsorption C4max) exists which cannot be 
exceeded by further decreasing Vim. He suggested expressing the effect of Vim on 
the percentage of radium adsorption (A) by sediments by using the adsorption 
isotherm 

where AT is a constant (equal to m/Vat A = 0.5 AmM). By statistical analysis of the 
available data, the author corroborated the validity of the isotherm and concluded 
that i4max and K are parameters that are well suited for the characterization of the 
ability of sediments to adsorb radium. Alternatively, modified distribution coeffi
cients can be used for the same purpose, defined as [40] 

K'd = A 04max - AY1 Vim 

The values of K found for 25 riverbed sediments lay in the range from 14.8 to 
2866 mg/L, and the K'd varied between 360 and 17 400 mL/g for five river sedi
ments. However, no attempt has yet been made to use these parameters for the quan
titative description of radium behaviour in surface water and it is not clear whether 
the parameters would be suitable for the mathematical modelling of radium 
migration. 

7.3.2. Effect of the properties of the solids 

Statistical analysis of available data revealed a significant correlation between 
the parameter K and the content of the fine fraction in river sediments [64, 79]. The 
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dependence of K (in mg/L) on the percentage abundance in sediment of particles 
smaller than 0.1 mm (F0.i) was described by the equation 

K = (0.0012 F0A + 0.0081)-1 

This finding agrees well with data characterizing the relation between radium content 
in fractions of natural sediments and the granulometric properties of the fractions. 
Various authors [20, 23, 26, 45, 51] found that fine fractions of riverbed sediments 
contained more radium per gram than coarser fractions of the same sediments. 
Consequently, radium is concentrated mainly in fine fractions in accordance with the 
common rule that adsorption per gram increases with increasing specific surface area 
of adsorbent. Shearer and Lee [84] reported the independence of radium content with 
sediment particle size for river sediments contaminated with uranium mill waste 
solids. The reason for this difference lies probably in the different mechanism of 
sediment contamination. However, Vos et al. [85] found the largest activity of 
radium in the fractions of two freshwater sediments with largest particle size 
(> 1 mm) and Penna Franca et al. [80] observed higher adsorption of radium on total 
freshwater sediment than on its fraction <400 mesh. These findings point to the fact 
that the composition of the sediment fraction can be more important than its particle 
size. 

The effect of the composition of freshwater solids on their ability to adsorb 
radium is not well known. Mansfeld [79] came to the conclusion that no significant 
correlation exists between this ability, expressed via parameter K, and the content 
of organic matter in 25 different sediments. A similar conclusion was reached by 
Justyn and Stanek [24] and Sebesta et al. [20] from data on the radium content of 
riverbed sediments and on the percentage weight loss by ignition of the sediments. 
In contrast, Parsont [45] found a direct relationship between the radium and organic 
contents. The positive effect of organic material on the radium content in sediments 
was also noted by Fourcade and Zettwoog [26] and Vos et al. [85]. From the content 
of 226Ra and 228Ra in humus extracted from river sediments and the total content of 
radium in these sediments, Paul and Pillai [36] calculated the relative ability of 
humus and sediments to concentrate radium isotopes from river water. The relative 
ability expressed as the ratio of the concentrations of radium in humus and sediment 
was 3.5-63.8 for 228Ra and 0.4-1.6 for 226Ra. 

Onishi et al. [55] concluded from data in the literature that radium adsorption 
on sediments is primarily affected by the cation exchange capacity (CEC) of sedi
ment. A positive correlation between radium adsorption from simulated river water 
and the CEC of Utah soil was reported by Serne [81] for soil whose composition was 
similar to freshwater sediments. On the other hand, Gillham et al. [86] did not find 
a correlation of Kd values characterizing the uptake of radium on soil with the CEC 
of the soil or with the presence of carbonates in the soil. They concluded that a 
generic approach to the prediction of Kd appears to be of little value and that site 
specific studies should be preferred. 
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FIG. 4. Adsorption of radium (in %)from aqueous solution containing 8-40 pg/L Ra on river 
sediment contaminated with barium sulphate as a Junction ofpHand composition of the solu
tion. Curve 1: O.OlMNaCl, 60 mg/L sulphate; curve 2: O.OlMNaCl; curve 3: O.OlMNaCl, 
30 mg/L Ca2+; curve 4: 0.1M NaCl [74]. 

This author and Strejc [74] tried to elucidate the effect of sediment composition 
by a detailed study of radium adsorption and desorption with freshwater sediments 
of known composition and by comparison of the data obtained with similar data on 
radium interaction with model solids representing mineral components of the sedi
ments (see Section 7.2). Radium concentrations of 8-40 pg/L and Vim = 500 mL/g 
were used. The effects of pH, ionic strength and the presence of Ca2+ or SO^ ions 
on adsorption were studied (see Fig. 4) for one wastewater sediment and three 
riverbed sediments whose properties were characterized by specific surface area, 
X ray diffraction, X ray fluorescence, a sequential extraction procedure and elemen
tal analysis. It has been found that the adsorption affinity of the sediments for radium 
cannot be easily derived from their composition or other properties. No simple corre
lation with specific surface area, organic matter, oxidic coatings or other components 
of the sediments was observed. However, an exceptional role of barite (barium 
sulphate) in the sediments was noted. In the presence of sulphate ions (60 mg/L) this 
component was responsible for the uptake of the predominant, or at least a signifi
cant, part of radium, depending on the barite content of sediments. In the absence 
of added sulphate ions, the adsorption of radium at pH5-9 on sediments containing 
barite was lower than on similar sediments without this component, indicating that 
other components may be more efficient in radium adsorption. 

7.3.3. Effect of water composition 

Data shown in Table IX and Fig. 4 demonstrate that radium adsorption on sedi
ments can be significantly affected by water composition. In accordance with well 



402 BENES 

known principles (see, for example, Ref. [12]), it is to be expected that the increas
ing salinity of water will reduce radium adsorption, particularly if polyvalent cations 
are present. Onishi et al. [55] include competing cations among the most important 
factors affecting radium adsorption on sediments. Among anions, sulphates play an 
important role because of their ability to form ion pairs with radium (see 
Section 4-1). They can also suppress the dissolution of barium sulphate and thus 
enhance the retention of radium in solids containing this compound. The effect is 
illustrated in Fig. 4, where the addition of sulphates at concentrations typical for 
fresh water (60 mg/L) is seen to increase the adsorption of radium on river sediment 
contaminated with barite (~ 2 wt%). The effect was observable even with river sedi
ment containing as little as 0.6% barite [74]. 

The effect of pH may also prove to be significant. Stanek [49] studied radium 
adsorption on lake sediments from lake water whose pH value was adjusted to 
between 1 and 10 with hydrochloric acid or ammonium hydroxide. The highest 
adsorption was found at pH3-5, and a significant decrease was observed towards the 
extreme values of pH. The strong effect of pH on radium adsorption on river sedi
ments was also observed by this author and Strejc [74] and is illustrated in Fig. 4. 
On the other hand, Mansfeld [79] did not find any substantial effect of pH on radium 
uptake by river sediments in the region of pH5-7. 

Changes in radium concentration in the range commonly encountered in waste 
and surface water should not exert any significant effect on the uptake of radium by 
freshwater solids as die sorption capacity of the solids is higher by many orders of 
magnitude than the amount of radium which can be sorbed and the uptake can proba
bly be described by a linear (Henry) isotherm. This assumption is supported by the 
data on radium adsorption on albite and soils. This author and co-workers [72] found 
an equal percentage of radium adsorption on albite from solutions containing 
8-40 pg/L and 6.8 ng/L Ra. Gillham et al. [86] did not find any difference between 
Kd values characterizing radium adsorption on soil at radium concentrations of 
0.1-100 ng/L. 

7.4. Mechanism of uptake and the radium bond in freshwater solids 

The uptake of radium by freshwater solids can proceed via several mechan
isms: adsorption of radium on the surface of the solids, co-precipitation of radium 
witii the solids, incorporation of radium into components of the solids during their 
recrystallization and biological uptake of radium by organisms living on or in the 
solids. The relative importance of these mechanisms is little known, as most studies 
carried out so far were confined to rather simple investigations of the radium distri
bution between water and solids as a function of several important factors. More can 
be expected in this respect from a detailed study of the distribution, and particularly 
from the analysis, of the radium bond in solids. 
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7.4.1. Analysis of the distribution data 

Laboratory studies of the radium uptake by sediments dealt mainly with radium 
adsorption, as can be inferred from the rather rapid kinetics of radium uptake in well 
mixed systems (see the preceding section). Biological uptake and incorporation by 
recrystallization would probably be much slower processes, while co-precipitation 
from artificially prepared solutions or from natural water can mostly be excluded in 
laboratory experiments. 

The mechanism of adsorption depends on the composition of the sediment and 
is largely determined by the nature of the sediment component on which radium is 
adsorbed and by the composition of water. In most cases, radium is probably 
adsorbed by ion exchange in the form of the Ra2+ ion [55]. This is supported by 
the competing effect of cations, as discussed in the preceding section and illustrated 
in Fig. 4. However, molecular adsorption of the RaS04 ion pair cannot be excluded 
in some cases, while Lowson and Evans [69] also assumed there was adsorption of 
the RaOH + ion on alumina. Radium interaction with organic components of fresh
water solids can probably also proceed by chemisorption (see Ref. [78]). 

The nature of the adsorption bond of radium on mineral components of fresh
water solids was analysed by this author and others [70, 72] in studies of the radium 
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FIG. 5. Abundance of particulate forms (in molar %) of 224Ra added to unfiltered surface 
water as a function of the time, t (in h), elapsing from the addition of224Ra, of the type of 
water (see text for description ofNos 1-3) and of the age, T, of the sample. 1:1 = 5 d; 2: 
T = 9 d; 3: T = 75 d. 
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distribution between aqueous solutions and fairly well defined minerals (see Section 
7.2). It has been concluded that radium is adsorbed on the minerals due either to an 
exchange in hydrated surface groups of the minerals (-SiOH, -AlOH, -FeOH, 
etc., dissociated or undissociated) or strong electrostatic interaction with negative 
charges formed by various substitutions of cations in the mineral lattice. 

Radium uptake by surface water solids owing to their recrystallization was 
observed by this author and Obdrzalek [35]. 224Ra was added in the laboratory to 
three untreated samples of surface water: two river water samples containing 204 
mg/L (No. 1) and 75 mg/L (No. 2) of suspended solids and wastewater (No. 3) 
containing 12 mg/L of suspended solids, of which a large part was barium sulphate. 
The time course of the uptake of the added radium, expressed as a percentage of the 
particulate forms, is shown in Fig. 5 as a function of the sample type and age, i.e. 
the interval between sampling and the addition of radium. As can be seen, the 
kinetics of the uptake is in two stages. At first a quick increase in the abundance of 
particulate forms of radium occurs, probably due to the adsorption of radium on the 
suspended solids, followed by a slow increase throughout all of the observed period. 
The character of the slow increase is different for the river water and for the 
wastewater because of the different nature of the suspended solids. For the 
wastewater, the slow phase of radium uptake was explained by the authors as being 
due to the incorporation of radium into barium sulphate in the course of its recrystal
lization. The rate of the recrystallization decreases with increasing age of barium 
sulphate. Hence, the rate of the uptake decreases with increasing age of the sample. 

7.4.2. Analysis of the radium bond 

Most analyses of the radium bond in freshwater solids were made using selec
tive extraction of the solids (see Chapter 3-10 in this volume). The results obtained 
with suspended solids were already discussed in Section 4.1. The methods used for 
bottom sediment analyses ranged from simple one step leaching to multistage sequen
tial extractions. Shearer [87] and Shearer and Lee [84] concluded, on the basis of 
simple extractions with various salts, that the radium bound in riverbed sediments 
was apparently in the Ra2+ form and was exchangeable. 

Sebesta et al. [20] studied the radium bond in sediments using a slightly modi
fied method of selective dissolution [37]. The sediment samples analysed came from 
a channel conveying uranium mine wastewater purified by precipitation of barium 
sulphate and from a river receiving this water in northern Bohemia. It was found that 
radium contaminated sediments mainly in barium-radium sulphate form, whose 
abundance in the sediments decreased with increasing distance from the source of 
contamination (92% — 39% in - 5 0 km). The second most important (2-42%) 
form of radium was the AS (acid soluble) form, comprising radium strongly 
adsorbed on sediments or bound in minerals and surface coatings soluble in 1M HC1. 
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Radium contained in a matrix of insoluble minerals represented 6-14% of total 
radium, whereas LB (loosely bound) radium, which could be released with 0.1M 
NaCl, was present in minor amounts (0.05-4.9%). The relative abundance of the 
latter three forms increased with the distance from the source of contamination. The 
AS form of radium prevailed in riverbed sediment uncontaminated by wastewater. 
A good agreement was found between radium forms in bed sediments and those in 
river water suspended solids from the same place (see Table IV). 

Virtually the same technique was used by Fourcade and Zettwoog [26] for the 
analysis of river sediments at Forez, France. The river received untreated 
wastewater from a uranium mine and mill complex. Most of the radium was found 
in the AS fraction, while the rest was distributed mainly between the LB and the 
barium sulphate forms. River water released only 1-2% of radium from the 
sediments. 

Cooper et al. [88] employed the sequential extraction procedure described by 
Tessier et al. [89] for the determination of the radium bond in the top layer of stream 
sediments in the vicinity of two perennial springs in northern Australia. One sedi
ment was high in organic matter, while the second one contained a higher concentra
tion of iron oxide. The first sample contained 41 % of 226Ra in exchangeable form 
and 16% of the fraction that was designated bound to organic matter (Chapter 3-10 
in this volume). Most of the radium contained in the second sample was bound to 
iron-manganese oxides (31 %), the organically bound form accounting for only 7%. 
The authors concluded that the bond of radium to sediments or soil is affected by 
the iron content of the solids. The same procedure was later used by Vos et al. [85], 
in combination with Soxhlet extraction by organic solvents, for the analysis of four 
particle size fractions of two freshwater sediments. The different fractions behaved 
similarly in the extraction. Approximately 40% of the radium present could be 
extracted with glacial acetic acid (radium bound in carbonates and various 
complexes) and less than 10% with dimethylformamide (organically bound radium). 
No difference was found between 226Ra and 228Ra in this respect, which was 
explained as being due to the adsorption of the same forms of both the radionuclides 
from the aquatic medium on to the sediment. 

Azevedo et al. [42] analysed the bond of 226Ra and 228Ra in riverbed sedi
ments contaminated by effluents from the mining and milling of uranium in the Pocos 
de Caldas region of Brazil. It was found that 21-50% (average 36±8%) of 226Ra 
was present in 'non-detrital' form, which could be leached from the sediments with 
0.5M HC1. This was compared with the average abundance (25%) of the non-detrital 
form in sediments from the same area uncontaminated with the effluents. A similar 
analysis in a locality in the Federal Republic of Germany [43] showed ~38% abun
dance of the non-detrital form of radium in uncontaminated creek sediments and 
74-86% in sediments contaminated from uranium prospecting. The differences indi
cated the possibility of using selective extraction in order to distinguish between 
polluted and unpolluted sediments. 
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A still better distinction can be achieved by means of a sequential extraction 
procedure. Azevedo and Schuttelkopf [43] used the method of Tessier et al. [89] for 
a closer determination of the radium bond in sediments of the creek receiving wastes 
from uranium prospecting at Menzenschwand, Federal Republic of Germany. 
Radium in an uncontaminated sediment was present mainly in the residual fraction, 
probably in mineral detritus. In contaminated sediments, the residual form accounted 
for only 12-16% of the radium, whereas most of the radium was exchangeable or 
bound to carbonates. Only a small part of the radium (3.5-5.4%) could be consid
ered as being strongly bound to organic matter. The authors concluded that a signifi
cant part of dissolved radium released to surface water is weakly adsorbed on clay 
minerals and/or organic matter. 

Paul and Pillai [36] extracted humic substances from Indian river sediments 
and determined 226Ra and 228Ra in the extracts. The amount extracted represented 
0.3-0.7% of 226Ra and 5.2-13.2% of the 228Ra present in the sediments. On the 
basis of these data, the authors concluded that sedimentary humus concentrates more 
228Ra than 226Ra. 

7.5. Release of radium from freshwater solids 

Laboratory studies of both naturally contaminated sediments and sediments 
contaminated in the laboratory have been carried out. 

7.5.1. Kinetics of release 

It has been shown that the kinetics of radium release from wet sediments is 
rapid, an equilibrium being reached in less than 20 min [20,49, 51, 84, 87]. Prelimi
nary drying of sediments tends to slow down the kinetics [20]. The intensity of agita
tion has been shown to have only a small effect on the kinetics of radium release. 
The equilibrium amount of radium that can be released depends only slightly on 
temperature in the range of 10-20°C [49]. Shearer and Lee [84] detected no increase 
in the leachability of radium as a result of the grinding of river sediments. 

In natural stream conditions sediments are in contact with flowing water whose 
radium content can change significantly with time. In order to model the situation 
when a sediment is continuously brought into contact with fresh portions of water 
having low radium content (model of stream leaching of sediments), the release of 
radium during consecutive contacts of one portion of sediment with several fresh 
portions of water was investigated. Shearer and Lee [84] reported a moderate 
decrease in radium release in three consecutive leachings with distilled water from 
riverbed sediments contaminated with uranium mill waste solids. Vagner [90] found 
that no substantial change occurred in the percentage of radium leached from sedi
ments contaminated with Ba(Ra)S04 for up to ten consecutive leachings, except for 
the first three steps (the Vim ratio during the leachings was 731-899 mL/g). Penna 
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FIG. 6. Cumulative desorption of radium (in %) preliminarily adsorbed on a riverbed sedi
ment as a Junction of total (cumulative) water volume V (in mL). 1: experimental data for 24 h 
desorption from 10 g of sediment by uncontaminated river water; 2: equilibrium desorption 
calculated assuming Kd = 576 mLlg [51] (by permission of the authors). 
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FIG. 7. Effect of the liquid/solid ratio (in mLlg) on radium leaching (%) with distilled water 
from riverbed sediments contaminated with Ba(Ra)S04 from purified uranium mine drainage 
water. Leaching time: 1 h; sediment contained 13.1 Bq/g 226Ra [20] (by permission of the 
authors). 

Franca et al. [80] observed a decrease in the rate of radium desorption after the first 
river water portions passed through river and dam sediments contaminated with 
226Ra in the laboratory. 

Data obtained by Hanslik and Mansfeld [51] on the cumulative release of 
radium adsorbed on riverbed sediment are shown in Fig. 6. A constant V/m ratio was 
used, equal to 25 mL/g. As can be seen, the course of the release can be roughly 
predicted using a suitable distribution constant. The authors suggested using Kd 

t L 
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obtained from desorption experiments for calculating the minimum time or water 
volume necessary for total radium desorption from riverbed sediments after the 
cessation of radium discharge into the river. It must be kept in mind, however, that 
the release of radium contained in natural sediments can differ significantly from the 
desorption of radium artificially adsorbed on the same sediments. For instance, 
StanSk [49] found about twice as large a percentage desorption of radium addition
ally adsorbed on a lake sediment as the release of radium contained in the sediment. 
The difference was also reflected in Kd values which were equal to 520-890 mL/g 
for the former case and 1150-1770 mL/g for the latter case. 

Figure 6 represents a graphical illustration of the possible effect of the 
liquid/solid ratio on radium desorption from sediments. A similar demonstration of 
the effect of V/m on radium leaching from riverbed sediments is given in Fig. 7, 
where the relative quantity of radium leached is seen to increase linearly with the 
liquid/solid ratio. Sebesta et al. [20] explained this fact as being due to dissolution 
of barium-radium sulphate contained in the sediment. 

7.5.2. Effect of sediment properties 

An important factor in the release of radium is undoubtedly associated with the 
composition and other properties of sediments. However, data illustrating the role 
are scarce (see, for example, the difference between the results reported by Sebesta 
et al. [20], StanSk [49] and Shearer and Lee [84], who worked with different sedi
ments). Justyn and StanSk [24] observed that radium released more readily from 
sediments containing 8% organic matter than from those with only 1% organic 
matter. According to Penna Franca et al. [80], radium is more easily desorbed with 
river water from fine fractions of river sediments contaminated in the laboratory than 
from the total sediments. However, Oliveira and Penna Franca [91] reported an 
opposite effect (see also Ref. [92]). 

This author and others [70-72], in a study of radium desorption from model 
components of river sediments, found large differences in the desorption of radium 
adsorbed on the components in the laboratory. Desorption with aqueous solutions of 
0.1M NaCl, 1M HC1 or of the composition identical with that during the preliminary 
adsorption was determined and expressed as a percentage of the originally adsorbed 
radium, or as the 'reversibility' of the adsorption, respectively. Some of the results 
are shown in Table X. As can be seen, the desorption with 0.1M NaCl decreases 
from quartz to albite and depends also on the pH value during the preliminary 
adsorption. The reversibility shows a similar tendency, but the pH effect is very 
small. Radium adsorbed on quartz, kaolinite and albite can be nearly quantitatively 
desorbed with 1M HC1, whereas montmorillonite and muscovite retain 4-14% of 
radium after one-step desorption with 1M HC1 (V/m was equal to 500 mL/g in all 
of the experiments). 
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TABLE X. DESORPTION OF RADIUM (IN %) FROM COMPONENTS OF 
SEDIMENTS WITH 0.1M NaCI AS A FUNCTION OF pH DURING PRELIMI
NARY ADSORPTION, AND REVERSIBILITY (IN %) OF THE ADSORPTION 
[70-72] 

Component 

Quartz 

Kaolinite 

Montmorillonite 

Muscovite 

Albite 

Quartz 

Kaolinite 

Muscovite 

5.3 ± 0.4 

pH during i 

6.5 ± 0.4 

Desorption with 0.1M NaCI 

91.0 

80.2 

— 

18.9 

9.2 

Reversibility 

75.2 

68.8 

21.1 

83.2 

79.3 

— 

6.1 

of adsorption 

— 

64.1 

19.8 

idsorption 

7.7 ± 0.1 

73.1 

74.6 

39.5 

6.2 

2.1 

74.9 

63.2 

— 

9.1 ± 0.1 

73.8 

69.1 

33.8 

2.1 

2.1 

68.5 

65.2 

24.1 

TABLE XI. LEACHING OF RADIUM (IN %) FROM RIVERBED SEDIMENTS 
AND Ba(Ra)SQ4 [20]a 

Leaching 
solution 

0.01M HC1 

0.01M CaCl2 

0.01M KC1 

0.01M NaCI 

0.01M BaCl2 

Wet sediment 

31.1 

15.8 

8.5 

5.1 

1.2 

Dry sediment 

28.6 

13.0 

6.4 

3.6 

2.3 

Ba(Ra)S04 

13.6 

13.5 

— 

10.9 

0.3 

Leaching time: 1 h; 450 cm3 of leaching solution; 0.5 g of sediment; 10 mg of 
Ba(Ra)S04. 
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The differences found probably reflect the different strength of the radium 
bond to that of the studied components. From the results it can be concluded that 
radium adsorbed on the kaolinite and montmorillonite components of freshwater 
solids can be rather easily desorbed by an increase in the ionic strength (salinity) of 
water. 

Sizeable differences in the desorption of radium with 0.1M NaCl were also 
observed with wastewater and riverbed sediments contaminated in the labora
tory [74]. However, interpretation of the differences based on the known composi
tion of the sediments was difficult. The desorption depended on the pH value during 
preliminary contamination of the sediments, but the dependence was rather moderate 
in the pH region typical for surface water (6-8). The authors tried to use the desorp
tion data to elucidate the nature of the radium bond in the sediments. 

7.5.3. Effect of the composition of the water phase 

The effect of the composition of the water phase on the release of radium from 
sediments was studied by several authors. According to Tanner [93], the extractabil-
ity of radium from sediments is aided by the following factors: 

(a) A pH value of water low enough to dissolve alkaline earth carbonates; 
(b) The availability of chelating agents for dissolution of other metallic coatings 

in which radium is trapped; 
(c) The presence of other cations in sufficient concentration to displace radium 

adsorbed on sediments. 

Shearer and Lee [84] found that the addition of monovalent and bivalent 
cations in 0.01M concentrations to water enhanced the leachability of radium from 
river sediment. The effect of cations increased in the order KC1 < HC1 < CaCl2 

< SrCl2 < BaCl2, which was explained by the authors as being due to an increas
ing ability of the cations to exchange with the radium bound in the sediment. An 
essentially linear relationship has been observed between the amount of radium 
leached and the barium chloride concentration in the range 0.001-0.015M. 
StanSk [49] studied desorption of radium from lake sediments as a function of the 
pH of lake water, adjusted by the addition of acid or hydroxide to 1-10. The desorp
tion passed through a single maximum at pH3-4. 

Data characterizing the effect of water composition on the leachability of 
radium from bed sediments of a river receiving uranium mine effluents and purified 
by the precipitation of barium sulphate have been reported by Sebesta et al. [20]. 
From the data shown in Table XI, leachability follows an entirely different sequence 
of the effect of cations on radium leachability from that found by Shearer and 
Lee [84]. This difference, as well as other differences discussed above, very proba
bly arises from the different nature of the radium bond in the sediments used for the 
investigation. 
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The data presented in Table XI were obtained with river sediment affected by 
the discharge of effluents containing Ba(Ra)S04. It has been postulated that the 
release of radium from such sediment is, to a great extent, determined by the dissolu
tion of Ba(Ra)S04. This hypothesis has been checked by simultaneous study of 
radium liberation from artificially prepared Ba(Ra)S04 (see Table XI). The amount 
of Ba(Ra)S04 roughly corresponded to its content in the sediments. It can be seen 
that the sequence of leachabilities of Ba(Ra)S04 by different electrolytes is similar 
to that found with natural sediments, although the values differ to some extent. The 
difference may be due either to some screening effect in the sediments or to the 
significant effect of the release of other forms of radium from the sediments. 

Oliveira and Penna Franca [91] contaminated river sediments with 226Ra in 
the laboratory and studied leaching of the radium with distilled and river water or 
solutions of inorganic salts. The results indicated considerable desorption with river 
water, ranging from 3.9% to 46.3% of total radium. The leaching efficiency of 
saline solutions (lO^-lO"2 mol/L) increased in the sequence Na2S04 < MgS04 < 
CaS04 < BaCl2. It is interesting that sodium sulphate and fluoride leached less 
radium than river water. 

The release of 226Ra contained in bottom sediments of the Pee Dee River 
(USA) was measured by Elsinger and Moore [94] as a function of water salinity. The 
salinity was varied by the mixing of filtered ocean water with deionized water. The 
release increased with increasing salinity from 0 to 107oo and its further increase 
from 10 to 207oo was very small. A maximum of about 14% of radium was released. 
The authors interpreted the release as being mainly due to radium desorption from 
fine fractions of the sediment. 

8. CONCLUSIONS AND RECOMMENDATIONS 

Surface water, next to groundwater, is undoubtedly the most important 
medium in the transport, concentration and dispersion of radium on the Earth. Our 
knowledge of radium behaviour in this medium is still imperfect. The many gaps 
existing in this knowledge have been discussed above. As the knowledge is important 
not only for purely scientific reasons, but also for the practical purposes of the 
protection of the environment and of radiation dose assessment, it is necessary to fill 
in the gaps in this knowledge by further investigation of the factors and processes 
influencing radium migration in surface water. In this connection, use has to be made 
of all pertinent physicochemical and geochemical laws. It must also be emphasized 
that substantial progress can be achieved only if the most advanced analytical 
methods are employed. These methods have to involve a sufficiently detailed analy
sis of the physicochemical forms of radium in water and relevant solids. 
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As regards radium migration itself, further studies are needed, in particular for 
the following problems: 

(a) Uptake and release of radium by freshwater suspended solids and bottom 
sediments. Field and laboratory studies of the effect of basic factors and of the 
mechanisms of both processes. 

(b) Character of the radium bond in freshwater suspended solids and bottom 
sediments. Dependence on the type of solid and water. 

(c) Effect of sedimentation on radium deposition in bottom sediments and on the 
properties of the sediments. Field studies of the relation between the composi
tion of suspended solids and bottom sediments, the kinetics of sedimentation, 
stratification of sediments, etc. 

(d) Transport of radium containing bottom sediments in streams via resuspension 
and resedimentation. Field investigation of main effects: type of stream, type 
of sediment, water flow rate, seasonal variations, etc. 

(e) Mathematical modelling of radium transport in surface water. 
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Chapter 4-4 

RADIUM ISOTOPES IN ESTUARIES 
AND COASTAL WATER* 

W.S. MOORE 
Department of Geology, 

University of South Carolina, 
Columbia, South Carolina, 
United States of America 

1. ESTUARINE PROCESSES 

River water and sea water differ widely in composition. The ocean is a brine 
almost free of suspended sediment. River water is usually low in ionic strength and 
rich in suspended particles. The estuary is the zone through which river water 
becomes sea water. 

Chemical reactions in estuaries occur principally in response to the interaction 
of river borne particulates with high ionic strength sea water and the biological 
productivity stimulated by the nutrients supplied by the rivers. Some chemical ele
ments are sequestered in estuaries, others are released from the particles, while many 
are simply diluted conservatively by the river water. 

2. SOURCES OF RADIUM 

Processes within estuaries augment the supply of radium isotopes to the ocean 
by rivers [1-6]. We can identify three source functions: 

(a) Dissolved radium, that is, radium which is in solution in the river. 
(b) Radium adsorbed on riverine particles which desorbs as the ionic strength of 

the water increases. This increase in ionic strength which triggers radium 
desorption may be due to the movement of the particles into the salt water or 
the movement of the salt water onto recently deposited riverine sediments dur
ing low discharge conditions. 

(c) Radium generated by thorium decay within estuarine sediments which escapes 
by diffusion or during physical or biological mixing of the sediments and pore 
water. 

* Work supported by the United States National Science Foundation under Grant 
No. OCE-8415964. 
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FIG. 1. Profiles of radium isotopes through the salinity gradient of Winyah Bay, South 
Carolina, and Delaware Bay, Delaware, reveal that non-conservative increases of each iso
tope occur, but that each is affected differently [6]. 

Because of their different half-lives and, hence, different rates of activity 
generation, reactions within estuaries affect each radium isotope differently. Dis
solved and desorbed radium sources are largely independent of half-life; however, 
the loss of regenerated radium from estuarine sediments is highly dependent on how 
rapidly the activity is regenerated. 

To assess these sources of radium to estuaries, we can construct mixing dia
grams by plotting the radium activity as a function of salinity and defining the river
ine and oceanic end member activities of each radium isotope. If there were no 
sources or sinks of radium in the estuary, the radium activity would describe a 
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straight line connecting these end members (conservative behaviour). Sources of 
radium would be indicated by deviations above the line (non-conservative increases) 
and sinks would be identified by deviations below the line (non-conservative 
decreases). 

Profiles of radium isotopes through estuaries (Fig. 1) demonstrate that 
processes within estuaries result in non-conservative increases of activity of each 
radium isotope within the system. Desorption seems to be the primary mechanism 
enriching 226Ra in the estuary [1, 2, 5, 6]. For 228Ra and 224Ra, it is also necessary 
to consider the residence time of the water in the estuary. If it is a significant fraction 
of the mean life of the isotope, the radium generated within the bottom sediments 
may escape and increase further the dissolved activities in the overlying water. For 
estuaries such as Winyah Bay, in South Carolina, where the residence time of water 
in the estuary is short, practically no 226Ra and little 228Ra can be generated during 
the time a given parcel of water is in contact with the sediments. However, in 
Delaware Bay, Delaware, where residence times of over one hundred days are calcu
lated, a significant bottom source for 228Ra may be present (Fig. 1, Ref. [6]). For 
224Ra, considerable activity is generated over one 12 hour tidal cycle; therefore, in 
situ generation processes must be considered for all estuaries. 

3. BEHAVIOUR OF RADIUM IN VARIOUS SYSTEMS 

The source functions identified operate in various combinations, depending on 
the system. Although each system is different in behaviour and few systems have 
been studied in detail, we might expect general similarities in radium sources based 
on physical and sedimentological processes. The following discussion considers a 
few systems where radium sources have been evaluated and suggests that these find
ings may extend to similar systems. However, the reader must be aware that in this 
emerging field, surprises will occur as we constantly oversimplify the real 
environment. 

3.1. Major river systems, as illustrated by the Amazon 

The Amazon River empties directly into the Atlantic Ocean and thrusts its 
water and sediment well seaward of the immediate coast. There is a significant 
increase in 226Ra with increasing salinity (Fig. 2, Ref. [7]) owing to desorption. 
However, 228Ra increases much more dramatically, reaching an activity level 3.5 
times higher than 226Ra (Fig. 2). Throughout the Amazon River basin, no 
228Ra/226Ra activity ratios greater than 1.5 in the dissolved or suspended phase have 
been measured [8]. It is highly unlikely that activity ratios as high as 3.5 could be 
generated by desorption alone. Continued production and release of 228Ra from the 
freshly deposited sediments must be responsible for the enhanced 228Ra activity [7]. 



422 MOORE 

AMAZON ESTUARY 

2 

< 

8 0 -

6 0 " 

4 0 -

2 0 -

n 

< 

xx 

; • • • 

j 

X 

X 

X 

X 

X 

. X 

• 

• 1 

' • 

1 

10 

X 

* 

• 
a 

• 

2 0 

X 

X 

" • 

30 

• 

X 

4 0 
SALINITY 

FIG. 2. 226Ra and 228Ra show sharp, non-conservative increases in the Amazon River estu
ary. The very high 228Ra/226Ra activity ratio produced within the estuary serves as an excel
lent tracer of Amazon estuary water in the open ocean (data from Ref. [7]). (X: 223Ra; 
m:226Ra.) 

Some 226Ra is also released by this mechanism, but its low rate of activity genera
tion, coupled with rapid burial of the sediment, greatly,diminishes this potential 
source. 

Another factor relevant to the supply of 228Ra from river systems having sig
nificant differences in discharge is the desorption of radium from particulates ini
tially deposited in fresh water as sea water encroaches on these sediments during 
periods of low discharge. Elsinger and this author [5] first recognized this effect in 
Winyah Bay; however, it is probably more important in major river systems with 
large seasonal differences in discharge. Sediment deposited in fresh water during 
high discharge will desorb 226Ra and 228Ra the next time sea water encroaches on 
these sediments during low discharge. During the next high-low discharge cycle, 
these original sediments will contribute little additional 226Ra; but, they may desorb 
228Ra that has been produced by 232Th decay during the discharge cycle. Turbation 
of near surface sediments in the Amazon ensures that even in regions of relatively 
high sedimentation, sediment mixing will expose previously deposited sediment to 
sea water for a number of years [9]. Thus, the potential 228Ra/226Ra activity ratio 
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for desorbed radium increases with the age of the sediment as long as this sediment 
can 'communicate' with the overlying water through physical mixing, bioturbation 
and diffusion. 

3.2. Classic estuaries, as represented by Winyah Bay, South Carolina 

Classic estuaries are semi-enclosed basins through which river water and its 
sediment load are processed before entering the ocean. One of the best studied estu
aries for radium isotopes is Winyah Bay, South Carolina [5, 6, 10]. The Bay extends 
24 km from the Atlantic Ocean to the Pee Dee River. Salt water intrusion may extend 
15-30 km from the mouth of the Bay. River discharge averages 425 m3/s, but may 
vary from < 100 to > 3000 m3/s. 

Figure 1 shows the radium isotope distribution in Winyah Bay during 
October 1981, when the river discharge was 100 m3/s. Elsinger and this author 
[10] have discussed the radium isotope profiles in terms of hydrological conditions 
in the Bay and concluded that the radium isotope activities in the Bay are greatest 
during periods of low discharge which follow periods of high discharge. The lowest 
activities occur during high discharge conditions. 

Table I lists the activities of radium isotopes measured in Winyah Bay during 
different flow regimes. The highest activities occurred during July 1980, when the 
river flow was low, and followed a period of relatively high discharge. During 

TABLE I. ACTIVITY LEVELS OF RADIUM ISOTOPES MEASURED IN 
WINYAH BAY DURING DIFFERENT FLOW REGIMES (DATA FROM 
REFS[10, 11]) 

Discharge (in m3/s) 
and (date) 

100 (October 1981) 

100 (September 1982) 

155 (July 1980) 

350 (June 1978) 

3300 (March 1979) 

a 1 dis/min = 1/60 Bq. 

Maximum 

Ra-226 

25.7 

32.0 

43.2 

23.4 

12.2 

activity ((dis/min)/100 L) 

Ra-228 

44.2 

51.2 

60.7 

30.9 

17.3 

a 

Ra-224 

62.9 

64 

— 

— 

— ' 
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October 1981, the river flow was lower than July 1980, but the October 1981 sam
pling followed a period of prolonged low river flow. During this period the 
encroachment of salt water on freshly deposited river sediments had already 
desorbed the bulk of the available radium so that little additional radium could be 
contributed even at these extremely low discharge conditions. 

3.3. Salt marshes, as illustrated by North Inlet, South Carolina 

A salt marsh is a highly vegetated estuarine system dissected by small streams 
and inlets. The North Inlet, South Carolina, system is characterized by water of 
25-30 wt% salinity, only slightly diluted from oceanic values. In the salt marsh the 
supply of radium to the ocean is more closely coupled with the interaction of tides 
and physical/chemical processes operating within the marsh than with the supply of 
fresh water and sediment to the system, as is the case with classic estuaries. 

228Ra, 224Ra and, in some cases, 226Ra are enriched in the tidal creek water 
draining salt marshes relative to the coastal ocean [6, 12]. The study by Bollinger 
and this author [12] demonstrated that the residence time of water in the top 5 cm 
of salt marsh sediments was only a few days and that radium generated within the 
sediments was rapidly 'exported' to the coastal ocean. The flux of 228Ra and 224Ra 
from the North Inlet salt marsh was estimated to be equivalent to the flux from 
nearby Winy ah Bay. Because of their greater extent along the east coast of the United 
States of America, the supply of these isotopes from salt marshes to the western 
North Atlantic may exceed that derived from classic estuaries. 

The high activities of radium isotopes in the creeks draining the salt marshes 
(1-3 (dis/min)/L) must be due to the generation and release of 224Ra and 228Ra from 
sediments within the marsh. This author's unpublished data reveal that the upper 
20-30 cm of salt marsh sediments may be considerably depleted in 228Ra. 

3.4. Enhanced supply of radium 

Estuarine sediments enriched in uranium or thorium may cause unusually high 
activities of radium isotopes in the overlying water. Such is the case in Tampa Bay, 
Florida. In this estuary, 226Ra activities of 200-300 (dis/min)/100 L have been 
reported [13]. Deposits rich in phosphate and uranium are mined immediately east 
of the area. Groundwater in the region has 226Ra activities on the order of 
10 (dis/min)/L [14]. It is not clear whether the elevated 226Ra levels in Tampa Bay 
result from natural leaching of the phosphate deposits, leaching of the gypsum 
residue resulting from the mining of the phosphate, or natural seepage of ground
water into Tampa Bay [13]. 



CHAPTER 4-4 425 

4. RADIUM IN COASTAL WATER 

4.1. Sources of radium 

Major rivers, estuaries and salt marshes supply radium to coastal water. Addi
tional radium may be released from sediments of the continental shelf. At present 
there have been no attempts to determine the relative importance of the various 
sources. This author [15] has suggested that the source for most of the excess 226Ra 
and 228Ra activity in coastal water must be restricted to the inner shelf because sedi
ments of the middle and outer shelf regions are primarily relic sands with little poten
tial to release radium. Levy and this author [11] provided evidence that 224Ra may 
be produced and released in the middle shelf region. Apparently, 228Th produced 
from 228Ra in the middle shelf region is rapidly removed to the sediments and it, in 
turn, produces and releases 224Ra in this region. 

4.2. Use of radium isotopes as oceanographic tracers 

If the primary source of 228Ra to coastal water is the nearshore region, the 
distribution of 228Ra offshore may be used to model the horizontal mixing of water 
in the region of its activity gradient. Preliminary attempts to model such horizontal 
mixing have been reported in Refs [16-18]. These models have ignored advection 
and vertical mixing and thus may not describe adequately the processes that control 
the distribution of 228Ra in these regions. This author [15] has demonstrated that 
intermediate 228Ra maxima may occur at the surface along offshore profiles as a 
result of vertical mixing and horizontal advection. In this study, the 228Ra field was 
useful in describing oceanographic features, but was not useful in resolving the time-
scale of mixing. Figure 3 illustrates the distribution of 228Ra in the South Atlantic 
Bight during the winter and summer. 

The radium isotope signal generated in estuaries and coastal regions may 
extend great distances into the open ocean. This author and co-workers [19] have 
documented the presence of water from the Amazon River estuary as far as 1500 km 
into the Atlantic Ocean based on high 228Ra/226Ra activity ratios and low salinity. 
We estimated that as much as 35% of the water at this distance had recently passed 
through the Amazon estuary. Because the activity ratio is not affected by biological 
removal processes, it is particularly diagnostic for the presence of estuarine water 
in the open ocean. 

Another potential tracer of mixing in nearshore and continental shelf water is 
224Ra. The first study of its distribution in coastal water was reported by Levy and 
this author [11]. We found significant activities near the coast that were unsupported 
by 228Th, but near bottom activities in vertically stratified water were higher than 
surface activities (Fig. 4). We concluded that 224Ra was being released from con
tinental shelf sediments in a manner that complicated its use as a horizontal mixing 
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FIG. 3. The coastal distribution of iittRa, as revealed by the Ra/ °Ra activity ratio, is 
variable from winter to summer. The following aspects of the distribution are quite clear (data 
fromRef. [15]). (1) February 1982: The highest ratios occur near the coast and decrease with 
distance from the coast. Relatively high activity ratios extending to depths of 80-130 mjust 
below the shelf break are much higher than the activity ratios for samples from similar depths 
further offshore. (2) August 1982: The primary difference from the February sampling is the 
presence of low activity ratios adjacent to the shelf break where high activity ratios were 
present in February. 
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rate indicator. However, the distribution of Ra along isopycnal surfaces may pro
vide an excellent short term indicator of mixing. 
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RADIUM IN OCEANS AND SEAS 
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1. INTRODUCTION 

The elements may be divided into three major categories based on their 
behaviour in sea water: the limiting elements for biological systems (those which are 
almost totally depleted in surface water); the intermediate limiting elements (those 
which are partially depleted in surface water); and the non-limiting, or conservative, 
elements (those which show no measurable depletion in surface water; in other 
words, show no measurable difference in concentrations from surface to deep 
water) [1]. According to Broecker [1] and Broecker and Peng [2], radium, which 
belongs to the alkaline earth group, is classified with calcium and barium as an inter
mediate limiting element. Radium is considered to possess chemical affinities that 
are almost identical to those of barium. Its residence time is more than 103 years in 
sea water (cf. barium: 8.8 X 103 years) [2]. However, radium differs from barium 
in that it has no stable isotope and the longest half-life of its radioactive nuclides is 
1600 years (226Ra). 

In an earlier study, Koczy [3] stated that a major primary source of radium iso
topes in sea water is leaching from rocks and sediments on the sea floor. In the 
marine environment, the distributions and behaviour of radium are affected not only 
by vertical mixing and the horizontal circulation of sea water (i.e. a physical 
process), but also by adsorption to and desorption from particulate matter in sea 
water (i.e. a chemical process). The radioactive decay of the radium isotope also 
influences the distribution of concentrations in those cases where the half-life of a 
radium isotope is shorter than that of particular ocean phenomena. The distribution 
of radium in sea water is thus not uniform and concentrations vary in each water 
mass as a result of the above mentioned properties of this element. Most studies so 
far reported on radium in sea water have concentrated on the longest lived isotope, 
226Ra, but the distribution of 228Ra, which has a shorter half-life (5.76 a) than that 
of 226Ra has been recently studied in detail. In this chapter, the distributions and 
behaviour of 226Ra and 228Ra are summarized. 

429 
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2. 226Ra IN SEA WATER 

2.1. Distribution of 226Ra in surface sea water 

The concentrations of 226Ra in the surface water of the open ocean have been 
measured by many researchers over the past several decades. A concentration of 
1CT14 g/L 226Ra is equal to 0.362 Bq/m3. The first reliable information on 226Ra 
concentrations in sea water (8 x 10~14 g/L) was provided by Evans et al. [4]. Foyn 
et al. [5] reported a value of 8.7 x 10"14 g/L in the coastal water of Sweden. After 
World War II, Pettersson [6] found that the average concentration of 226Ra in ocean 
water was about 7 x 10"14 g/L. He also mentioned that the concentrations of 226Ra 
were different between surface and deep water. The relation between 226Ra and 
238U concentrations in sea water was studied by Rona and Urry [7] in the Atlantic 
Ocean. They indicated a correlation of the concentration of ^ R a with salinity and 
also that the minimum value of the 226Ra concentration was often found at a depth 
of about 300-500 m. Their values ranged from 0.7 x 10~14 g/L to 5.8 X 10"14 g/L 
(the average value was 3.1 x 10"14 g/L). A summary of 226Ra concentrations in 
the world's oceans was given by Szabo [8]. Burton [9] reviewed the outcome of 
226Ra measurements in earlier decades. Values ranging from 1.5 to 1.8 Bq/m3 

(from 4 to 5 x 10"'4 g/L) have been reported for the surface water of widely sepa
rated oceanic regions in the Indian Ocean [10], the northwest Atlantic Ocean [8, 11] 
and the north Pacific Ocean [11, 12]. Since 1969, more precise measurements of 
226Ra in the world's oceans, from surface to bottom water, have been carried out 
by several laboratories as part of the Geochemical Ocean Sections Study 
(GEOSECS) programme. Numerous data on 226Ra concentrations, determined 
mainly by the 222Rn emanation method, resulted from this programme. Intercalibra-
tion measurements of 226Ra were made by three groups of investigators (the 
Lamont-Doherty Geological Observatory, the University of Southern California and 
the Scripps Institution of Oceanography groups). Their results have been signifi
cantly improved over the initial comparison carried out in 1970 [13-15]. 

The data from the GEOSECS programme indicate that 226Ra concentrations 
in the surface water of the world's oceans are relatively uniform except for the 
Antarctic Ocean. The average concentration is 1.3 Bq/m3 in the Atlantic Ocean and 
no significant variation has been found [16]. In the Pacific Ocean, Chung and 
Craig [17] and Ku et al. [18] reported an 226Ra concentration of about 1.2 Bq/m3, 
except for south of 30°S, where higher values were observed owing to upwelling 
in the Antarctic region. The surface sea water of the polar regions, especially the 
Antarctic Ocean, contains relatively high amounts of 226Ra, in contrast to that of the 
Atlantic and Pacific Oceans. The Antarctic Convergence is an important oceanic 
front zone that restricts the surface exchange of water, and also of 226Ra, across this 
zone. The main flow to the south of this front is zonal and the circumpolar currents 
are well known. From the results reported by Ku and Lin [15], surface 226Ra con-
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FIG. I. Vertical distribution of 226Ra in ocean water. • : Northwest Pacific Ocean; 
+: east equatorial Pacific Ocean; -A-: Northwest Atlantic Ocean; • : Atlantic Ocean, north 
of the Antilles Islands [30]. 

centrations are about 1.4 Bq/m3 to the north of the Antarctic Convergence, whereas 
values of 2.8-3.0 Bq/m3 are found in the circumpolar region owing to upwelling of 
the deep water. The data obtained by Ku et al. [19], Chung [20], Chung and 
Applequist [21] and Chung [22] for the Antarctic Ocean have also indicated up to 
an approximate twofold increase in surface 226Ra concentrations southward across 
the Antarctic Convergence. 

The concentrations of 226Ra in coastal and shelf water are relatively high 
(more than 3 Bq/m3), in comparison with those in open ocean water [23-29]; 
Coastal water is discussed in greater detail in Chapter 4-4 of this volume. 
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FIG. 2. Contour diagram of Ra concentrations (in (dis/min)/100 kg) in the north-south 
vertical section (along 120°W-130°W) of the eastern Pacific Ocean [18]. 

2.2. Vertical profiles of 226Ra 

The typical distributions of 226Ra in ocean water are shown in Fig. 1 [30]. 
Vertical profiles of 226Ra concentrations in the world's oceans have been studied in 
the GEOSECS programme. The measured profiles show considerable differences in 
each separated oceanic region. Figures 2 [18] and 3 [17] show the contour diagrams 
of 226Ra concentrations in vertical sections north to south in the eastern Pacific and 
along about 30°N in the north Pacific, respectively. From the surface to intermediate 
depth water, the concentrations of 226Ra increased rapidly with depth to about 
2.6 Bq/m3 in the south Pacific, and about 3.4 Bq/m3 in the north Pacific. Near-
bottom 226Ra concentrations in the world's oceans are shown in Fig. 4 [31]. 226Ra 
concentrations in near-bottom Pacific water, as measured by Ku et al. [18], become 
high northward and range from about 4.5 to 7.0 Bq/m3. Chung and Craig [17] 
found concentrations of more than 7 Bq/m3 in the bottom water of the northeast 



CHAPTER 4-5 433 

LONGITUDE 

I W E ISO'E 160"E I70*E ISO* I70*w I60'W ISO'W UO'W I30*w 

TRENCH 
9.2 km 

FIG. 3. Contour section along ~ 30"N in the north Pacific. Note the sharp rise in the near-
bottom radium maximum between Stations 213-226 owing to advection of the denser bottom 
water below [17J. 

Pacific, in contrast to levels of less than 3.8 Bq/m3 found in the southern Pacific 
near the Antarctic. They suggest that large horizontal and vertical variations in 
226Ra concentrations below the intermediate level water reflect mixing, deep circu
lation and the effect of a strong regional source from sediments in the northeast 
Pacific. Similar horizontal and vertical profiles have been indicated by 
Chung [32, 33]. In the Bering Sea, deep water had the same 226Ra concentration as 
that in the north Pacific Ocean [34]. For the Atlantic stations the gradient is less 
marked in the north region, as shown in Fig. 1. In the south Atlantic, some compli
cated vertical profiles were found owing to intrusion of different water masses into 
the Atlantic deep water (Fig. 5) [16]. The concentration of 226Ra in basal north 
Atlantic deep water was 1.8 Bq/m3, though values of 3.6 Bq/m3 were found in 
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FIG. 4. Near-bottom Ra concentrations (in (dis/min)/100 kg). Triangles denote the locations of cores for which the Raflux to the overlying 
water has been determined (see Table I) [31]. 
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FIG. 5. 226Ra concentrations versus depth at GEOSECS Station 54 (15"S, 29.5"W) [16]. 

Antarctic bottom water [16]. It is interesting that the vertical profiles of 226Ra con
centrations are quite uniform at approximately 3.6 Bq/m3 in the circumpolar 
region, but slightly lower in surface water, as shown in Fig. 6 [22] (see also 
Refs [20, 21]). 

2.3. Behaviour of 226Ra in sea water 

An early interpretation of the vertical distribution of 226Ra was given by 
Koczy [3]. He considered that 226Ra is a conservative element (i.e. non-limiting for 
biological systems) and the decrease in concentration in surface water as compared 
with that in deep water reflected radioactive decay during the residence time of water 
in the surface layer. On the other hand, Broecker et al. [11] and Wolgemuth and 
Broecker [35] proposed another interpretation because the residence time of deep 
water estimated from 14C measurements was not consistent with that given by 
Koczy [3]. They assumed that particulate downward transport mechanisms are 
important processes governing the vertical profiles of 226Ra. In order to confirm the 
existence of these mechanisms, Wolgemuth and Broecker [35] determined the pro
files of both barium and 226Ra at a single station because both elements have nearly 
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FIG. 6. 2I0Pb and 226Ra profiles from GEOSECS Atlantic Station 89. Previously published 
mPb data are also plotted. The scatter in the present data betwen 0.5 and 4 km is not clear 
(see the text). Glacier profiles (GL-21 and GL-87) are also included for purposes of 
comparison [22]. 

identical chemical properties. The pattern of increase with depth obtained was nearly 
concordant for the two. In addition, a similarity in the profiles of silicon and 226Ra 
was reported by Ku et al. [19] and Ku and Lin [15]. Therefore, the oceanic distribu
tion of 226Ra is significantly influenced by the biogeochemical cycle involving sur
face uptake, particulate downward transport and release in the deep water column. 
Recently, details of this cyclic process have been studied and it seems that siliceous 
plankton acts as a major carrier for 226Ra. 

The relationship between 226Ra concentrations and barium concentrations in 
world oceanic water is summarized in Fig. 7 from the results of Chung [20, 36], Ku 
et al. [18] and Broecker and Peng [2]. Similar plots of 226Ra against silicon are also 
shown in Fig. 8 [15, 16, 18, 21, 33, 36]. In Fig. 7, a linear correlation is presented 
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FIG. 7. Concentration of 226Ra versus the concentration of barium in water from the 
world's oceans. PS: Pacific Ocean surface water; AS: Atlantic Ocean surface water; 
AD: Atlantic Ocean deep water; PD: Pacific Ocean deep water; NEPD: northeast Pacific deep 
water. 
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FIG. 8. Concentration of22sRa versus the concentration of silica in water from the world's 
oceans. PS: Pacific Ocean surface water; AS: Atlantic Ocean surface water, AD: Atlantic 
Ocean deep water; B: Bering Sea water; CP: circumpolar water; WS: Weddell Sea water; 
EPR: east Pacific Rise water; CNPD: central north Pacific deep water; NEPD: northeast 
Pacific deep water. 
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in the upper water column (PS and AS). In contrast with this, the slope of the plots 

changes upwards as the 226Ra concentration continues to increase towards the 

bottom, while the barium concentration shows little increase in Pacific Ocean deep 

water (DP and NEPD). As in the case of the 226Ra-barium plots of Fig. 7, it is 

apparent in Fig. 8 that the 226Ra concentration increases linearly with silicon from 

surface (PS and AS) to intermediate depth water. In the north Pacific, 226Ra-silicon 

diagrams curve upward in a concave shape with increasing depth (EPR, CNPD and 

NEPD). If particulate transport is the only process perturbing the distribution of 
226Ra, barium and silicon in sea water, the points should all lie along the straight 

line indicated by PS, AS and AD. Most deep water has more 226Ra than expected 

from its barium and silicon content, except in the circumpolar region [36]. From sur

face to intermediate depth water, 226Ra-barium and 226Ra-silicon ratios are usually 

constant in the world's oceans. From sediment trap experiments in the deep Atlantic, 

Brewer et al. [37] showed that in trapped particulate matter the content of 226Ra is 

correlated with that of biogenic silicates, with a slope of 0.43 Bq/g Si0 2 . Further

more, Spencer et al. [38] and Brewer et al. [37] estimated that 226Ra fluxes in the 

water column range from 0.3 to 1 Bq-m"2-a_ 1 in north Atlantic deep water and are 

less than 1.1 Bq-nT2-a~' in the deep Sargasso Sea. In brief, it seems that a particu

late transport mechanism for 226Ra is a dominant process in the upper water 

column. 

TABLE I. SUMMARY OF Ra-226 FLUXES FROM THE SEA FLOOR 

Area 
Flux 

(Bq-nT2-a_1) 
References 

Atlantic Ocean 

Indian Ocean 

Antarctic Ocean 

Pacific Ocean 

World ocean average 

0.4-2 

4-6 

2-3 

14-36 

6 

Main source is a summary by 
Broecker and Peng [2], who 
quoted data from 
Cochran [39], Cochran [31] 
and Kadko [40]. 

Coastal sea 2-330 [25, 27, 41, 42] 
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FIG. 9. 226Ra flux versus bottom water 226Ra concentrations. Indian Ocean bottom water 
226Ra concentrations are from a recent GEOSECS Indian Ocean expedition [31]. ( A : cal
careous ooze; • : siliceous ooze; • : clay; • : siliceous ooze/clay.) 

2.4. Excess of 226Ra in deep water and the flux from bottom sediments 

The 226Ra-barium-silicon relationships are further complicated by a deep, 
gentle barium maximum and a broad, mid-depth silicon maximum [36]. Further
more, these diagrams are different from each other according to the properties of 
the deep water mass. Anomalies in the 226Ra-barium or 226Ra-silicon ratios 
obtained in the upper ocean water are particularly large in the case of the deep and 
bottom water of die eastern Pacific, as shown in Figs 7 and 8. These anomalies may 
be caused by a combination of a slow interchange of deep water with surrounding 
water and fairly large inhomogeneities in the 226Ra flux from sediments into bottom 
sea water. The flux estimated from measurements of the 226Ra deficiency in the 
deep sea sediment core are listed in Table I [2, 25, 27, 31, 39-42], together with 
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those in coastal sediments. Figure 9 shows the relation between the 226Ra flux and 
bottom water 226Ra concentrations in different types of sediment [31]. The higher 
value of the 226Ra flux was found in sediments of siliceous ooze/clay type. As 
shown in Table I, the values of the flux are not constant over the sea floor. The 
inventory of 226Ra from parent 230Th in the water column is estimated to be less 
than 0.06 Bq-m"2-a_1: the concentration of 230Th in sea water is less than 
0.2 (dis/min)/100 kg [2].1 Assuming that the depth of the ocean is 4000 m, the 
total number of 230Th atoms in the water column is estimated to be 4.6 X 1014, 
with production of 226Ra atoms from 230Th in this column estimated to be 4.2 x 
109 a-1. The cores from the eastern Pacific yield fluxes that are considerably higher 
(14-36 Bq-m^-a"1) than the global average (6 Bq-m"2-a_I) necessary to maintain 
the 226Ra inventory in the sea. The Atlantic cores show values lower than this 
mean. Therefore, deep water in the eastern Pacific Ocean must receive significant 
amounts of primary 226Ra which originated from sediments. This primary 226Ra has 
not yet taken part in the particle cycling process in upper parts of the water column. 

By using deviations from the straight reference line (the 226Ra-barium ratio is 
constant) in Fig. 7, it can be seen that 226Ra is one of the most important nuclides, 
together with radiocarbon, for studying rates of deep ocean circulation and mixing. 
On the basis of a one dimensional diffusion-decay model, Chung [32] calculated a 
horizontal diffusion coefficient in the northeast Pacific Ocean. He also employed a 
two dimensional, horizontal model to calculate the 226Ra distribution in the deep 
water of the Pacific [36] (see also Refs [33, 34] for additional work on the Pacific 
Ocean and Bering Sea). 

3. 228Ra IN SEA WATER 

228Ra, the daughter nuclide of 232Th, with a half-life of 5.76 a, is supplied to 
the ocean primarily by release from bottom sediments, since the 232Th concentra
tion is very low (about 0.2 (dis/min)/m3) in sea water [43]. Because of interest in 
the higher value of the 228Th/232Th activity ratio observed in sea water, some inves
tigators have measured 228Ra levels in sea water [44, 45]. Blanchard and 
Oakes [23] attempted to estimate the 228Ra concentration in sea water from marine 
shells. The concentrations of 228Ra in sea water have been measured directly by 
Moore [46, 47] and by Sakanoue et al. [48] using large volume water samples and 
chemical separation techniques for the daughter nuclides 228Ac and/or 228Th. 

For more convenient and simple measurements of 228Ra, this author and co
workers [26, 49] used y ray spectrometry with a low background germanium detec
tor. In cases where 228Ra contents in the samples are high, 7 ray spectrometry is 
useful in measuring 228Ra without troublesome chemical separation 
techniques [28, 50-55]. 

1 1 dis/min = 1/60 Bq. 
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3.1. Distribution of 228Ra in surface coastal water 

The distribution of 228Ra in surface water is quite non-uniform, in contrast to 
that of 226Ra. Near shore water has high 228Ra concentrations owing to higher 
fluxes from shelf sediments. The values of 228Ra concentrations in coastal water 
have been reported by several investigators. For example, surface water from the 
central region of the Seto Inland Sea in Japan contained 228Ra concentrations of 
10.9-13.5 Bq/m3, which are one hundred times higher than those of approximately 
0.1 Bq/m3, obtained in the Pacific Ocean [28, 50, 56]. Lazarev et al. [57] reported 
values of 2.8-6.2 Bq/m3 in the Black Sea. 

Concentrations of 228Ra in samples collected from the southeast of New York 
City ranged from 3.5 Bq/m3 near the shore to 0.7 Bq/m3 in continental slope water 
[58]. A more detailed distribution of 228Ra in the region between Bermuda and the 
eastern coast of North America was reported by Feely et al. [59]. Li et al. [41] also 
provided data on 228Ra concentrations in New York Bight. In summary, Feely et 
al. [59] found the distribution of 228Ra concentrations in mid-shelf and outer-shelf 
water to be increasing from the northeastern region south of Nova Scotia to the 
southwestern region north of Cape Hatteras in the Middle Atlantic Bight. They con
cluded that shelf sediments were the chief source of 228Ra, with the sediments of 
bays and estuaries a secondary source from the vertical gradients of 228Ra concen
trations. The distribution of 228Ra in coastal and estuarine water was studied by 
Elsinger and Moore [29], together with that of 226Ra [27]. Their results indicated 
that 228Ra (and also 226Ra) have non-conservative excess concentrations in the mix
ing zones of the Pee Dee River-Winyah Bay estuary in South Carolina, the Yangtze 
River and the Delaware Bay estuary. 

The flux of 228Ra from coastal sediments has been estimated from the distri
bution of 228Ra concentrations by using material balances in a box model. Values 
of 62 (Ref. [41]) and 100 (Ref. [60]) Bq-m^-a"1 were reported in the New York 
Bight and the Atlantic continental shelf, respectively. Santschi et al. [42] found a 
higher flux of 228Ra (200 Bq-m~2-a_1) in Narragansett Bay. A lower value of 
55 Bq-m"2-a-1 was determined for Delaware Bay by Elsinger and Moore [29]. 
This author [28] evaluated a lower limit of flux from sediments in the Seto Inland 
Sea (27 Bq-m"2-a_1). 

3.2. Distribution of 228Ra in ocean water 

The distribution of 228Ra in the world's oceans has been studied by 
Moore [46, 47]. Typical 228Ra concentrations of 0.2-0.7 Bq/m3 were found in near 
surface water, whereas concentrations in oceanic bottom water were below the detec
tion limit of 0.02 Bq/m3. Kaufman et al. [58] reported detailed results of 228Ra 
measurements in the world's oceans. They showed that surface water of the north 
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FIG. 10. The north-south sections of 228Ra concentration data (in (dis/min)/100 kg) along 
the (a) western and the (b) eastern Atlantic Ocean. The crosses represent 228Ra concentra
tions of less than 0.1 (dis/min)/100 kg [60]. 

Atlantic and Indian Oceans contained significantly higher concentrations of 228Ra 
than those of the Pacific and Antarctic Oceans. 

Concentrations ranging from 0.24 to 0.68 Bq/m3 in the surface water of the 
north Atlantic Ocean were measured [58]. They considered that the coastal sedi
ments of South America may be an important source of 228Ra in the surface water 
of the Atlantic Ocean, and that European and African shelf sediments were not the 
major source of 228Ra. At various GEOSECS Atlantic stations, more than three 
hundred samples were collected. Figure 10, taken from Ref. [60], shows the N-S 
section of 228Ra concentrations in the upper 400 m of the Atlantic Ocean. The 
authors summarized their results as follows: (1) the regions of high 228Ra concen
tration correspond to the northern and southern subtropical warm water masses; 
(2) the subsurface water at the equator, with extremely low 228Ra concentrations, 
represents the upwelling water mass of Antarctic intermediate water; (3) the 228Ra 
concentration is below the analytical detection limit to the south of the Antarctic Con
vergence, and the water of the Arctic Convergence is also relatively poor in 228Ra. 
From these results the authors concluded that 228Ra in the upper water column of 
the Atlantic Ocean is mainly supplied from continental shelf sediments and the inputs 
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of 228Ra are mostly accumulated in the northern subtropical warm water mass. 
Moore et al. [61] reported that 228Ra/226Ra activity ratios in the Greenland, 
Norwegian and Labrador Seas, and also in Baffin Bay, indicate strong horizontal 
gradients in the surface water. There is an inverse correlation between the 
228Ra/226Ra activity ratio and salinity in the 30-36% salinity range. 

Values ranging from 0.02 to 0.2 Bq/m3 were measured in the surface water 
of the Pacific Ocean, except for the samples collected near the shore. Different 
authors [26, 43, 48, 53] obtained similar results. Further measurements of 228Ra 
(and also 226Ra) in the north Pacific were carried out from 1978 until 1982 [62]. 
The concentrations of 228Ra ranged from 1 to 3.3 Bq/m3 in the samples from the 
Japan Sea and the near shore of the Japanese islands. These results are consistent 
with the distribution reported earlier [50, 52]. In contrast to these values, lower con
centrations, ranging from 0.08 to 0.2 Bq/m3, were found in the northwest and 
eastern Pacific Ocean. Knauss et al. [43] reported values less than 0.2 Bq/m3 for 
samples collected in the east Pacific. 

The surface water of the northern Indian Ocean up to the north of 30 °S con
tained higher concentrations of 228Ra (0.53-1.1 Bq/m3) than those of the southern 
area (less than 0.1 Bq/m3) [26, 53]. The samples from the near shore water of 
Indonesia and the South China Sea showed high 228Ra contents, 2.7-10.4 Bq/m3. 

3.3. Vertical profiles of 228Ra 

The vertical distribution of 228Ra in the ocean is different from that of 226Ra. 
Water in the lower part of the thermocline and intermediate depth usually has very 
low 228Ra levels, whereas 226Ra concentration increases with depth, as described 
previously. It is considered that most of the 228Ra atoms disintegrate during trans
port and mix downward from the thermocline to deep water before incorporating into 
the biogeochemical cycle [63]. Near the bottom an elevation in 228Ra content is 
observed owing to the release of 228Ra from sediment, as shown in Fig. 11 [2]. 

3.4. Application to a study of ocean mixing 

The distribution of 228Ra in sea water has been used to study ocean circulation 
and mixing. Apparent values of the horizontal eddy diffusion constant range from 
105 to 108 cm2/s, as estimated by Kaufman et al. [58] and Knauss [43]. Vertical 
mixing in the thermocline and in the deep sea was investigated by various 
authors [43, 46, 52, 58, 64, 65]. Kaufman et al. [58] evaluated values of the vertical 
eddy diffusion constant of 0.5-7 cm2/s for the upper 200 m and about 5-100 cm2/s 
for the bottom water in the Atlantic and Pacific Oceans. Recent, improved studies 
from the GEOSECS programme have also been reported [60, 66]. Li et al. [60] cal
culated upwelling rates and vertical eddy diffusion constants by using a vertical 
advection-diffusion model. 
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FIG. 11. Plots of228Th activity (+) and of228Ra activity (o) as a Junction of depth in the 
deep water of the (a) western Atlantic Ocean and (b) Pacific Ocean. The bottom depth is shown 
at each station. These measurements were made as part of the GEOSECS programme by 
H. Feeley and his colleagues at the Lamont-Doherty Geological Observatory [2]. 

3.5. 224i Ra 

Measurements of 224Ra have been reported by Lazarev et al. [57] for Black 
Sea coastal water, the concentrations of 224Ra being close to equilibrium with the 
parent nuclide 228Ra. Bollinger and Moore [67] recorded higher 224Ra concentra
tions in coastal sea water in South Carolina than in open ocean water. 
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RADIUM UPTAKE BY MARINE PLANTS 
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1. INTRODUCTION 

Unicellular and multicellular marine plants represent an important link in 
the food chain, since they are eaten by a multitude of invertebrates, fish, birds and 
mammals. Moreover, some algae, mainly coralline Rhodophyceae species, play an 
important role in the formation of atolls and coral reefs [1-4]. In addition, calcareous 
green algae, particularly species of the order Siphonales, such as Acetabularia 
acetabulum, Cymopolia barbata, Halicoryne wrightii and other species of the 
Dasycladales, Halimeda incrassata, Penicillus capitatus, Rhipocephalusphoenix and 
Udotea flabellum, are considered to contribute to the formation of carbonate 
sediments in many tropical and subtropical areas [5-11]. Some species of brown 
algae, for example Dictyota divaricata and Padina gymnospora, calcify and may 
thus release carbonate after post-mortem disaggregation of their tissues [7]. 
Calcareous phytoplankton would also contribute to the formation of lime muds. 
These considerations on calcareous marine algae are relevant because radium is 
concentrated by several species of calcified algae [7]. Besides, green calcareous 
algae, i.e., Halimeda monile, were found to contain significant concentrations of 
transuranic elements [12]. Radium fixed by calcareous and non-calcareous marine 
algae might be transferred to higher trophic levels through the food chain [13], or 
might become incorporated into sediments, or included in algal detritus and skeletal 
structures. From there it could be remobilized in solution by physicochemical and/or 
biological processes and released into the water column. The role of marine algae 
in recycling radium should thus be considered. 

This paper summarizes the available information on radium uptake by marine 
plants obtained in field investigations and laboratory experiments. 

2. UPTAKE OF RADIUM BY UNICELLULAR ALGAE 

The uptake of radium was observed in composite marine phytoplankton or in 
its isolated species [14-18]. Table I shows the most significant figures reported in 
the literature [14-19]. To convert dry weight concentration factor (DWCF) to fresh 
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TABLE I. UPTAKE OF RADIUM BY UNICELLULAR MARINE ALGAE 

Concentration factors 
Sample Reference 

DWCFa CFb 

Plankton 

Mixed plankton 
Mixed plankton 
Composite phytoplankton 
Phytoplankton 
Phytoplankton 

(Agulhas Current) 

Emiliania huxleyi 
(coccolithophore) 

Oscillatoria woronichinii 
(filamentous blue-green alga) 

Thalassiosira pseudonana 
(diatom) 

1800 
7000 

20 000-160 000 

Algal cultures 

900 

100 

800 

[14] 
[16] 

825 [17] 
[15] 

7300 [15] 

[18] 

[18] 

[18] 

a DWCF: dry weight concentration factor [18]. 
b CF: fresh weight concentration factor (Bq/kg fresh weight per Bq/kg water) [17, 19]. 

weight concentration factor (CF) values, it is necessary to know what is the dry 
weight/fresh weight ratio. Assuming that in most marine algae the dry weight is 
about one-tenth of the wet weight, as found in laboratory cultures of Acetabularia 
peniculus [20], DWCF values divided by ten should give a rough estimation of the 
corresponding CFs. 

A linear relationship between the radium concentration in cells and in the 
supporting water was found for freshwater algae [19], with a number of papers 
already published on the subject (see Refs [19, 21] for the literature). It is possible 
that a similar relationship also exists for marine phytoplankton. However, the data 
reported in the literature are still either too scarce or incomplete to obtain an accurate 
plot. Although picoplankton is an important component of the primary producers in 
the ocean [22], no data are available on radium uptake by these small ( < 2 /am) 
marine algae. 

Radium does not concentrate to any great degree in unicellular marine algae, 
except in the case of the centric diatom Rhizosolenia sp., which was found to 
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FIG. 1. Unicellular algae and bacteria found in the water of the Dead Sea. (a) Biflagellate 
Dunaliella sp. cells; (b) unknown microalgae (blue-green?), some dividing, together with 
bacteria of different forms (open arrowheads) and Dunaliella sp. cells (filled arrowheads). 
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TABLE II. UPTAKE OF RADIUM BY MULTICELLULAR MARINE ALGAE3 

o i Ra concentration ^ „ , „ „ h 
Sample DWCF (Bq/kg dry weight) 

Chlorophyceae 

Avrainvillea rawsoni 4.4 1467 
Caulerpa racemosa 1.9 633 
Codium isthmocladiwn 1.5 500 
Cymopolia barbata 0.7 233 
Halimeda opuntia 1.8 600 
Penicillus capitatus 1.9 633 
Viva lactuca 0.5 167 

Phaeophyceae 

Dictyota divaricata 3.4 1133 
Padina gymnospora 2.5 833 
Sargassum polyceratium 3.7 1233 
Turbinaria turbinata 4.4 1467 

Rhodophyceae 

Acanthophora spicifera 3.4 1133 
Bryothamnion triquetrum 1.5 500 
Ceramium nitens 1.1 367 
Digenea simplex 2.7 900 
Galaxaura cylindrica 0.7 233 
Gracilaria cornea 0.6 200 
Hypnea musciformis 1.9 633 
Laurencia papillosa 2.3 767 
Spyridia filamentosa 1.5 500 

a From Ref. [7], modified. 
b DWCF calculated on the basis of the mean radium concentration (3 x 10"3 Bq/L) reported 

for sea water by Edgington et al. [7]. 

accumulate high concentrations of 226Ra [15]. Another centric diatom, Thalas-

siosira pseudonana, failed, however, to show a substantial accumulation of this 

element (Table I; Ref. [18]). Zooxanthellae associated with coral reefs showed a 

heavy concentration of radium, with a DWCF of about 3 X 106 ([23],quoted in 

Ref. [18]). Some particular algal cells, living free or associated with animals, thus 

seem capable of concentrating radium to a high degree. 
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TABLE III. UPTAKE OF RADIUM BY FOUR BROWN AND ONE RED 
MULTICELLULAR ALGAE ORIGINATING FROM THE NORTH SEA 

Radium concentration „ „ . 
Sample CF 

(Bq/kg fresh weight) 

Field investigations 

Phaeophyceae 
Ascophyllum nodosum 0.7 86.8 
Fucus vesiculosus 1.0 136.0 
Halidrys siliquosa 1.9 256.0 
Himanthalia lorea (= H. elongata) 0.7 87.8 

Rhodophyceae 
Porphyra sp. 0.05 6.8 

Laboratory experiments0 

Phaeophyceae 
Ascophyllum nodosum 99 
Fucus vesiculosus 90 
Halidrys siliquosa 60 
Himanthalia lorea (= H. elongata) 79 

a CF reported in Refs [20, 24]. 
b Data from Ref. [24]. 
c Data from Ref. [20]; the concentration of 226RaCl2 in the experiments was about 300 Bq/L 

and the algae were treated with the radioelement over approximately two weeks. 

The available results cover a rather limited number of species. Consequently, 
the existence of species showing a high degree of radium bioaccumulation cannot be 
excluded. Attempts to identify radium concentrating unicellular algae thus remain 
worthwhile. It would be of interest, for example, to investigate if the salt tolerant 
microbial forms (Dunaliella sp., halophilic bacteria and an unknown alga, possibly 
a blue-green one) living in the Dead Sea (Fig. 1) are capable of incorporating 
substantial amounts of radium, which was found to be present there in a rather high 
concentration (1.16±0.01 Bq/L). 
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TABLE IV. CONCENTRATION OF Ra-226 IN SEA WATER3 

Sample 

North Sea 

North Sea 

Kalpakkam (India) 

Surface water 

Deep water 

Cajo Margarita (Puerto Rico) 

Cabo Rojo (Puerto Rico) 

Punta Arenas (Puerto Rico) 

Adriatic Sea 

Adriatic Sea 

River estuary (fresh water) of the Adriatic Sea 

Black Sea 

Dead Sea 

Concentration 
(Bq/L) 

8.5 

6.7 

1.6 

2.2 

5.6 

2.7 

4.8 

1.5 

1.6 

1.7 

3.9 

3.7 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

io-3 

io-' 

io-' 
10"' 

io-' 
io-' 
io-' 
io-' 
10"' 

io-' 
io-2 

IO-' 

1.16±0.01 

Reference 

[24] 

[24] 

[17] 

[25] 

[25] 

[7] 

[7] 

[7] 

[26] 

[26] 

[26] 

[27] 

[28] 

Some of the original values were given in pCi/g or pCi/L (1 pCi = 10 jtg Ra). 

3. UPTAKE OF RADIUM BY MULTICELLULAR ALGAE 

Several species of multicellular algae are capable of incorporating radium, 
although to a different degree [7, 20, 24]. This capability was revealed by field 
investigations, as well as by laboratory experiments, in which radium was supplied 
to the algae as 226RaCl2 [20, 24]. Tables II and III show the main results reported 
in the literature. Original figures, reported in pCi/g dry weight or in pCi/kg fresh 
weight, were transformed into Bq/kg (1 pCi = 0.037 Bq). The concentration 
factors, given as DWCF or CF, were calculated on the basis of the mean radium 
concentration, reported, respectively, by Edgington et al. [7] and by Kirchmann 
et al. [24] and are shown in Table IV. This table also reports the radium concentra
tions in sea water and in a river estuary (fresh water) as reported by other authors 
and that found in the saline water of the Dead Sea [28]. It is obvious that the 
radium concentration varies from place to place, being apparently high in a river 
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FIG. 2. Incorporation kinetics of Ra, supplied as RaCl2, in three large brown algae, 
Fucus vesiculosus, Himanthalia lorea (= H. elongata) and Ascophyllum nodosum 
(-—: radium concentration in the aquaria) (from Ref. [24], for results on Fucus, and from 
unpublished observations of this author and Kirchmann [26], for results on Himanthalia and 
Ascophyllum). 

estuary of the Adriatic Sea (3.9 x 10~2 Bq/L) and much higher in the Dead Sea 
(1.16±0.01 Bq/L). The local environmental conditions supporting these variations 
in radium concentration are worth investigating. 

For non-calcareous algae containing about 90% water, a rough estimation of 
the CF can be obtained, as already indicated in Section 2. For calcareous algae, the 
estimation of the CF from the DWCF would be more difficult without the original 
weight figures because of the presence of carbonates, which contribute heavily to the 
total dry weight. Nevertheless, the CFs in calcareous algae do not exceed half of 
their DWCFs. The data reported in Tables II and III show that CF values vary from 
6.8 in Poryphyra sp., a non-calcified red alga, to 256 in Halidrys siliquosa, a brown 
alga, both originating from the North Sea. Although in laboratory experiments 
radium uptake has not reached equilibrium (Fig. 2 [24, 29]), it is interesting to note 
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that the CFs are of about the same order of magnitude as those found in field investi
gations. The lower CFs in Fucus vesiculosus and Halidrys siliquosa maintained in 
the laboratory may be due to the fact that the 226Ra concentration in the external 
medium was much higher than in natural sea water, up to the state of non-
equilibrium, or under artificial laboratory conditions. 

4. FIXATION OF RADIUM BY ALGAL CONSTITUENTS 

Some seaweed polysaccharides extracted from large brown algae have found 
several pharmacological and medical applications [30] and different alginates have 
proved to be effective in reducing the intestinal absorption of 85Sr, 133Ba and 226Ra 
[31-36]. Alginate treatment is now considered to be a potentially useful therapeutic 
method against strontium and radium poisoning [35, 37, 38]. In spite of the potential 
utilization of seaweed alginates, the precise chemical mechanism of radium fixation 
by these polysaccharides has not been made clear. 

5. MECHANISMS OF RADIUM UPTAKE BY UNICELLULAR AND 
MULTICELLULAR MARINE ALGAE 

Little is known of the real mechanisms of radium uptake by marine algae 
[7, 18]. However, three distinct physicochemical mechanisms were mentioned by 
Williams [19]: (a) absorption; (b) adsorption; and (c) association. 

Absorption of solutes is thought to be mainly an active physiological process, 
based on membrane 'pumps' [39, 40]. According to Kyte [40], there are only three 
basic pumps: Na+ - K+ , Ca + + and H + - K+ . Radium and other alkaline earth 
elements are probably absorbed via the calcium gate [19] and would thus enter the 
cell. 

Adsorption of elements is considered to be a rather passive form of uptake 
which can also occur on the surfaces of dead cells or of inert particles. Fisher et al. 
[41, 42] concluded from studies that metal uptake by phytoplankton proceeds mainly 
by adsorption to cell surfaces. The ultrastructure of the external layer of the walls, 
which determines the total surface of algal cells, would thus considerably influence 
the adsorption of elements. Association is shown as a structural factor [19]. 

Investigations carried out by Edgington et al. [7] on several species of tropical 
algae have suggested two mechanisms for radium concentration: (i) ion exchange or 
co-precipitation of the ion with the calcium carbonate matrix, and (ii) complex 
formation with proteins or with some other cell constituents. According to these 
authors, surface exchange or co-precipitation of radium ions with calcium in the 
aragonite lattice of calcareous algae is possible because there should be neither 
stearic problems nor restrictions on the formation of solid solutions owing to ionic 
size. 
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Radium concentration may be due, at least in some species of marine algae, 
in part to the cation exchange properties of their cell walls [43-45]. It was found that 
the cell wall of the marine alga Enteromorpha intestinalis behaves like a cation 
exchange resin: it adsorbs an excess of cations over anions and partially excludes 
anions [45]. The cell wall of Enteromorpha intestinalis possesses fixed negative 
charges and cation adsorption properties similar to that of the freshwater plants 
Chara australis and Lemna minor, i.e. a cation exchange capacity of about 
2500 fjM/g dry weight (Na+ form) and a mean concentration of fixed anions of 
400 mM in dilute salt. The fixed negative charges of the cell wall are represented, 
as in the related species Enteromorpha compressa, by a population of carboxyl and 
sulphate ester residues [45]. It is obvious that the uptake of radium by cell walls of 
marine algae could be checked experimentally. Likewise, the association of radium 
with algal proteins or with other organic compounds could be revealed by analytical 
techniques similar to those utilized for studying the incorporation of technetium in 
marine algae [46]. 

6. DISCRIMINATION OF RADIUM UPTAKE IN MARINE ALGAE 

As mentioned by Williams [19], from the chemical properties of the elements 
it can be expected that radium would be taken up by the cells through the same 
mechanisms as calcium and the other alkaline earth elements, i.e. barium, 
magnesium and strontium. If this assumption is correct, radium uptake would be 
correlated with that of calcium. Several reports have lead to the general conclusion 
that plant and animal cells are capable of discriminating against radium relative to 
calcium [47]. The discrimination factor is defined, according to Polikarpov [48], as : 

Da/b = (CaICb)l{Ca,ICb.) 

where Q and Cb are the concentrations of a and b in the organism and Ca< and Cb< 
are the concentrations in sea water. For Da/b > 1, there is 'preferential' uptake by 
the organism of a relative to b. The reverse is true for Da/b < 1. Analyses by 
Edgington et al. [7] have revealed that the discrimination factor for radium relative 
to calcium (DRa/Ca) was greater than 1 in all but the highly calcified marine alga 
Halimeda opuntia. When the alga contained less than 50% calcium carbonate, the 
discrimination factor varied between 5 and 100, with most species of algae having 
values between 2 and 40 [7]. The results reported by these authors showed, surpris
ingly, that some algae concentrated radium from sea water in preference to calcium. 
Another example of the preferential uptake of 226Ra to calcium was reported for the 
soft parts of the sea mussel Mytilus edulis by Kirchmann et al. [24]. 

Although the discrimination against radium relative to calcium is a well 
accepted concept, it is clear that exceptions exist and that some species of marine 
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algae are good experimental material for investigating the reasons why radium is 
preferentially taken up. The giant unicellular marine alga Acetabularia, in which 
calcification may be regulated by changing the chemical composition of the culture 
medium, would be a very useful organism for investigating how radium uptake is 
correlated with the degree of calcification of the cell walls. 

7. LOCALIZATION OF RADIUM IN MARINE ALGAE 

Studies by Edgington et al. [7] and by Ritchie and Larkum [45] suggest that 
radium might be co-precipitated with the calcium carbonate matrix, adsorbed by the 
cell walls or complexed with proteins or other cell components. No direct evidence 
has been reported, proving that radium was indeed present in the carbonate aragonite 
crystals [8, 9], or bound to cell constituents. Such evidence may be obtained by 
autoradiography and/or by various procedures, such as cell fractionation by differen
tial centrifugation and sieving chromatography of crude cell extracts [46]. It would 
be of interest to know the distribution of radium at both the cellular and the subcellu
lar levels, in particular in chloroplasts and mitochondria. It should be noted that 
unicellular algae are rather simple organisms when compared with multicellular 
ones, where different tissues may exist, formed by layers of superposed cells, 
separated by intercellular spaces. It is obvious that in many multicellular algae 
radium must cross more than one cell wall in order to be distributed in the entire 
plant. The situation may be more complicated if the surface of multicellular algae 
is covered by mucilaginous substances, which might constitute a barrier to radium 
penetration or even fix this element. Experiments on 226Ra uptake by large brown 
algae have shown that equilibrium with the external medium is not reached even after 
two weeks (Fig. 2), a fact which seems to suggest slow penetration of radium into 
the plants. However, it remains to be proved whether radium really crosses the cell 
walls. 

A previous study on the giant brown alga Macrocystis pyrifera has shown that 
plutonium was primarily fixed to the outer surface of the fronds [49]. Moreover, 
from the comparison of alpha and gamma ray measurements made on the same algal 
sample, Carvalho and Fowler [50] concluded that most of the americium (243Am) 
was located outside the algae, having eventually penetrated less than the range of the 
alpha particles (±30 /xm). Although several reports suggest that macroalgae take up 
radionuclides by surface adsorption (see the literature in Ref. [50]), the available 
information concerns a limited number of species and a safe general conclusion 
cannot be established at the present time. Marine algae with a large cell size, such 
as Acetabularia, Boergesenia and Valonia, are particularly suitable for analysing the 
distribution of radionuclides. Puncturing Boergesenia and Valonia cells with a thin 
needle mounted on a plastic syringe has shown that two activation (^Co, 65Zn) and 
two fission (137Cs, I25Sb) products crossed the cell wall [51]. Experiments on these 
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marine algae may reveal whether radium and transuranic elements are capable of 
crossing the cell wall. 

8. REMOBILIZATION OF RADIUM BY MARINE ALGAE 

It is known that some marine algae are capable of penetrating calcareous 
substrates. For example, the red marine alga Poryphyra linearis [52] and related 
species (see the literature in Ref. [30]), during their Conchocelis phase, grow within 
dead shells or other substrates by dissolving the calcareous material. In addition, 
species of the green alga Acetabularia also perforate and penetrate dead shell pieces 
[53]. Boring by marine algae would thus remobilize in solution the radium and other 
radionuclides previously incorporated into calcified structures by living organisms. 

9. SEA GRASS, MANGROVES AND SALT MARSH PLANTS 

In addition to unicellular and multicellular marine algae, a number of other 
plants grow in the sea in estuaries or within the tidal reach [30]. The marine flower
ing angiosperms are commonly known as sea or eel grass. All belong to the order 
Naiadales (Helobieae), which consists of five families [54]: Hydrocharitaceae 
(Enhalus, Halophila, Thalassid), Posidoniaceae (Posidonia), Ruppiaceae (Ruppia), 
Zannichelliaceae (Althenia, Amphibolis, Cymodocea, Halodule, Syringodium, 
Zannichellia) and Zosteraceae (Phyllospadix, Zosterd). 

Zostera marina and Z. nana usually grow in shallow lagoons and bays, but the 
first plant may also occur at depths down to 50 m. In nature, sea grass may form 
large beds, constituting an important quantity of biomass. 

Mangroves are a large group of marine plants which are only partially covered 
at high tide. There are approximately thirty species of mangroves which belong to 
several different plant families [55]. Mangroves are mostly found in quiet lagoons 
and estuaries. 

Salt marsh plants comprise mainly terrestrial plants rooted within the tidal 
reach. The main species of this flora belong to the genera Limonium, Puccinellia, 
Salicornia, Spartina and Spergularia [30, 55]. 

In spite of the ecological importance of sea grass, mangroves and salt marsh 
plants, all of which support numerous other plants and animals, information on their 
capacity to accumulate radium is lacking. It would be of interest to determine to what 
extent radium is incorporated by these plants. 

10. DISCUSSION 

The results reported in this paper show that the unicellular and multicellular 
marine algae investigated so far are capable of incorporating radium. Surprisingly, 
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some species concentrated radium from sea water preferentially to calcium [7]. The 

CFs for radium are rather low, reaching a maximal value of about 250 in the brown 

alga Halidrys siliquosa [24], Nevertheless, some species of marine algae, such as 

Fucus and Ascophyllum, which are widely distributed, may be used as indicators of 

the radium level in aquatic systems. In addition, marine algae may prove to be useful 

in assessing the transfer of radium and of other important radionuclides, and for 

evaluating the possible consequences to human health. 

Radium is an important element from the point of view of human radioprotec-

tion [56]. In fact, once incorporated in the human body, radium is characterized by 

a very long retention time [57J. Marine algae, as well as other seafood (mainly fish, 

Molluscs and Crustacea), may contribute to the total annual intake of radium by 

humans, especially in such countries as Japan, where some algal species (Hizikia 

fusiforme, Undaria pinnatifida, Porphyra tenera and Laminariaceae) are commonly 

used [30, 58]. It was found that marine algae give the highest percentage contribu

tion in the intake of 106Ru by man [58]. It would be of interest to assess the percent

age contribution of marine algae in the intake of radium by also analysing successive 

trophic levels [59, 60]. 
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1. INTRODUCTION 

It is generally known that many marine organisms are capable of concentrating 
within their tissues various trace and toxic metals, including radionuclides, although 
the seawater concentrations of most of these elements or radionuclides occur at ultra 
trace levels. A substantial amount of work relating to the concentration of a wide 
range of elements among varieties of species of organisms, both from the freshwater 
and marine environments, have been conducted. As regards radioactivity, studies 
have been undertaken on a considerable scale of aquatic organisms, on their accumu
lation of radioactive elements following waste discharges from nuclear utilities and 
weapons test fallout. Excellent reviews on the concentration behaviour of aquatic 
organisms dealing with trace metals and fallout radioactivity are available [1-7]. In 
contrast, information on the uptake and distribution of natural radioactivity in marine 
organisms is limited. 

As a member of the alkaline earth group of elements, the physicochemical and 
biological behaviour of radium in the environment is expected to be close to that of 
its homologues, calcium, strontium, barium and magnesium. Radium exhibits only 
the 2+ oxidation state in solution and owing to its highly basic character it is not 
easily complexed. Even among its homologues, radium appears to exhibit the least 
tendency to form complexes. Among the insoluble salts, radium compounds are 
more insoluble than the corresponding barium compounds and are hence co-
precipitated with barium compounds very effectively, although the solubility product 
of the radium compound itself may not have been exceeded. 

Radium, as a member of the primordial uranium decay chain of elements, is 
an ubiquitous component of the natural radiation environment and is thus found in 
most biotic and abiotic materials leading to direct or indirect human radiation 
exposures. In view of the important role played by the oceans in supplying a large 
part of human dietary needs, radium concentrations in the marine biosphere assume 
considerable significance. Marine animals, such as Mollusca, Crustacea and fish, 
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constitute important items of diet among sections of the world population and, in 
addition, marine macrophytes are routinely consumed by people in such countries 
as Japan and the United Kingdom. As will be discussed later, these marine biological 
species have been found to accumulate considerable quantities of radium, which 
might contribute towards the significant exposures of the consuming population. On 
the basis, of the existing information, an attempt is made here to discuss some aspects 
of the uptake and distribution of radium in marine animals with reference to radium 
concentrations in organisms and their tissues, the concentration and discrimination 
factors, the possible modes of entry of radium and the effect of environmental factors 
on uptake. It must be said at the outset, however, that the data position for radium 
in most categories of marine animals remains unsatisfactory, although 226Ra was 
the first alpha emitter to be determined in marine organisms. In contrast, much more 
information exists on fission and activation products, such as 90Sr, 137Cs, 65Zn, 
60Co, 239Pu and others which are contemporary radionuclides, but which 'arrived' 
on the environmental scene much later. As regards marine macrophytes, the data sit
uation is relatively better, but as marine algae form the subject matter of a separate 
chapter in this publication (Chapter 5-1 in this volume), it receives less attention 
here. 

2. MARINE ANIMAL CONCENTRATIONS 

Groups of organisms which constitute the marine biosphere and maintain a 
highly interactive food chain system are phytoplankton, macrophytes, zooplankton, 
Mollusca, Crustacea, fish and mammals. In the context of radium migration in the 
marine ecosystem, it has been generally observed that levels of radium in most of 
the marine organisms are present in concentrations exceeding those of sea water. 
Some of the existing data for 226Ra in nature — along with some 228Ra data — have 
been presented in Chapter 2-1 of this volume, dealing with natural distribution. A 
representative cross-section of this data pertaining to marine organisms taken from 
this chapter is given in Table I [8-22], which should provide an insight into the extent 
of radium concentration among different marine biota. The typical radium concentra
tion in sea water is reported to be 2.2 mBq/L [23], As against this, the data presented 
in Table I makes it apparent that radium accumulation takes place in almost all 
groups of organisms, although to varying degrees. 

Two observations emerge from the data reported in Table I: 

(1) The lower trophic level organisms, such as phytoplankton and macrophytes, 
display relatively stronger radium accumulation trends as compared with 
higher organisms, such as Mollusca, Crustacea and fish: 
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226Ra (Bq/kg wet) 

Phytoplankton, macrophytes 0.19 - 66.6 

Mollusca, Crustacea and Not detected - 2.63 
fish (soft parts) 

(2) Among higher organisms, in general hard tissues such as shells and bones 
accumulate relatively more radium as against low levels of radium observed 
in soft tissue: 

226Ra (Bq/kg wet) 

Crustacea 

Soft parts Not detected - 0.3 

Shell 0.53 - 3.4 

Fish 

Muscle Not detected - 2.15 
Bone 0.24 - 5.15 

Strikingly high levels of radium (1.48 - 11.1 Bq/kg wet) are observed in por
tions of whale teeth, which come under the group of mammals [17, 21]. A general 
enrichment of radium in such calcareous tissues as shell, bone, teeth, etc., is evident, 
since radium is expected to take the calcium pathway and accumulate in tissue rich 
in calcium, a metabolically essential element. However, there appears to be con
siderable variability in the enrichment of radium relative to calcium amongst differ
ent biological species and this is discussed in Section 6 in terms of discrimination 
factors. The information available so far indicates, however, that the underlying 
mechanisms responsible for the preferential concentration of either radium or cal
cium need to be understood further and this could be particularly facilitated by con
trolled laboratory experiments. 

3. MODES OF ENTRY 

As already stated, being a member of the alkaline earth group of elements 
means that radium exhibits a highly basic character and is notable for the absence 
of strong complexing behaviour in solution, both of which have a direct influence 
on the mode of radium uptake in marine animals. In addition, changes in the 
physicochemical factors in the ambient environment, such as salinity, temperature, 
nutrient availability, food habits and metabolic behaviour of the ingested radium in 
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TABLE I. RADIUM CONCENTRATION LEVELS IN MARINE BIOTA 

Organism 

Phytoplankton 

Macrophytes 

Zooplankton and 
mixed plankton 

Mollusca 

Soft parts 

Shell 

Crustacea 

Soft parts 

Exo-skeleton 

Fish (coastal, • • ' ' 
oceanic, estuarine) 

Whole 

Muscle, soft tissue 

Bone ' 

Mammals • 

Seal bone 

Whale teeth parts 

Ra-226 
(both in 

0.19 

0.37 
0.2 

0.08 

0.08 

0.45 
0.111 

NDa 

0.53 

0.02 

NDa 

0.24 

0.96 

1.48 

-66 .6 

-4 .44 b 

- 2 . 9 

-9 .03 

- 1.39 

-0 .89 
- 5 . 1 8 b 

- 0 . 3 

- 3 . 4 

-2 .63 

-2 .15 

-5 .15 

- 1.11 

- 11.1 

Ra-228 
Bq/kg wet) 

NDa - 18.53 

NDa - 20.4 

0.36 - 6.76 

0.8 - 2.2 

12.0 
— 

0.12-0 .77 

3.49 - 17.5 

— 

0.27 - 0.65 

2.1 - 33.3 

— 

— 

Reference(s) 

[8-12] 

[2, 13] 
[14] 

[2, 9, 15, 16] 

[12, 17] 

[12] 
[18] 

[12] 

[12] 

[2, 19, 20] 

[2, 12, 17, 
20-22] 

[12, 17, 21] 

[17, 21] 

[17, 21] 

a ND: not detected. 
b Not mentioned whether dry or wet. 
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the organism could also have a perceptible influence on the routes of entry. In 
general, three distinct environmental processes have been mentioned by most investi
gators to be responsible for the entry of trace stable or radioactive elements in marine 
organisms. These are (a) adsorption, (b) absorption and (c) ingestion. These mechan
isms operate to various degrees both individually and collectively, since an organism 
is capable of accumulating an element from the aquatic environment by either single 
or multiple routes. Also, the elemental accumulation in organisms can take place as 
a result of passive or active uptake processes, though the details of the different 
mechanisms responsible for die overall accumulation of an element are poorly 
understood. 

In general, at lower trophic levels — for example in phytoplankton and macro-
phytic algae — direct adsorption of radioelements from sea water to the outer sur
faces is far more likely to occur, in view of their high surface to volume ratio, while 
the converse is true at higher trophic levels, where considerable accumulation of 
radioelements may occur through food. This is particularly the case with filter 
feeders, which ingest detritus material with a high degree of radionuclide associa
tion. The Kd factors reported for radium in marine particulates are in the range of 
~10 2 t o ~10 4 [24]. 

Macrophytic algae are believed to accumulate heavy metals from sea water, 
either by adsorption or ion exchange processes involving both cell proteins and poly
saccharides, such as alginates, present in cell walls. According to Edgington et al. 
[13], the concentration of radium in tropical marine algae is controlled by two 
mechanisms: (i) ion exchange or co-precipitation of the ion with the calcium car
bonate matrix; and (ii) complex formation with either the protein nitrogen or some 
odier organic component. However, the dominant operating mechanism for 
Rhodophyta and calcium rich Chlorophyta was found to be the first one, and for 
Phaeophyta it was the second mechanism. As regards the ability to form 
organometallic complexes, which is significant from the point of view of animal 
uptake, the behaviour of alkaline earths is not clear. For instance, it has been pointed 
out by Desai and Ganguly [25] that alkaline earth elements present in organic moiety 
— for example, in association with humus materials — are always present in ioni-
cally exchangeable form. However, trivalent elements such as manganese and rare 
earths were observed to be present in partially exchangeable and non-exchangeable 
cationic, anionic and non-ionic organometallic complexes in humus material. 

In the case of heterotrophic biota, the relative roles of food and water are quite 
complex, which make it difficult to define the individual contributions. Also, 
knowledge of the magnitude of these two routes in marine organisms for most ele
ments is limited. In the case of fish, molluscan and crustacean animals, the radium 
present in water may enter the animal by one or more routes. For example, it can 
be associated with the diet of the organism and then be absorbed through the gut, 
or it can enter by direct absorption through the surfaces of gills, the mouth or other 
external epithelia. According to Boroughs et al [26] and Fretter [27], strontium 
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enters the tissues directly, which might have some relevance to radium uptake. 
Fretter also pointed out that the gut is the more important site of strontium in Mytilus 
edulis, while Boroughs et al. [28] noted that oyster concentrated more 89Sr in its 
tissues through diet than when only placed in contaminated sea water. They were also 
able to demonstrate that many crustaceans and molluscans were capable of absorbing 
strontium directly from sea water. Numerous investigations have shown clearly that 
dissolved calcium and strontium in sea water enter the fish directly from the medium 
through the gill surface, mouth and other exposed epithelia, and also through the 
digestive tract [28-34]. In the view of Pentreath [35], a clear picture of the roles of 
food and water in the accumulation of strontium by fish has not emerged. Laboratory 
experiments involving radium and marine animals are virtually non-existent and the 
apparent lack of specific conclusions in the case of strontium may be true with 
respect to radium as well. 

Similarly, some of the work relating to calcium in marine organisms has been 
reported. The work of Goreau and Bowen [36] shows that calcium in the coral 
Astrangea danae is immediately exchangeable with seawater calcium. Likewise, 
Bevelander [37] and Jodfrey [38] have shown that calcium is absorbed directly from 
sea water in Mollusca, but, according to Horiguchi [39], the gut also forms an impor
tant route of entry. Calcium entry via particulate food has been found to be an impor
tant pathway over that of water for oysters [40]. 

These observations on strontium and calcium, which are expected to have 
behaviour properties that are analogous with radium, should assist in understanding 
aspects of radium accumulation in marine organisms in the absence of direct field 
observations or laboratory experimental data relating to radium. 

4. CONCENTRATION FACTORS 

The ability of marine organisms to accumulate radium from ambient sea water 
may be expressed in terms of the concentration factor (CF), which is defined as: 

Concentration of radium in the organism or tissue (in Bq/kg wet) 
CF = • : 

Concentration of radium in water (in Bq/L) 

In a review article of this type it is difficult to compare data collected from var
ious sources which are represented in different ways. Most authors prefer to quote 
activity in terms of the wet weight of the organism, but a substantial quantity of data 
is also reported with reference to the dry, or ash, weight of the matrix, possibly to 
minimize the effect of moisture content variability. However, data in dry or ash 
weight units do not represent the true in vivo situation, unlike the wet weight, which 
is preferable for deriving CFs. Thus, data from literature presented in terms of dry 



CHAPTER 5-2 473 

TABLE II. CONCENTRATION FACTORS FOR RADIUM IN MARINE 
ORGANISMS 

„ . „ , „ , „ „ „ , r ,„, „ . r . . , 'Recommended' values 
Organism Ref. [5] Ref. [23] Ref. [12] Ref. [41] (Ref. [24]) 

Phytoplankton 

Macrophytes 

Zooplankton 

Mollusca 

Soft parts 
Shell 

Crustacea 

Soft parts 
Shell 
Gills 

Fish 

Muscle 
Bone 

12 000 

1400 

190 

1300 
— 

140 
— 

— 

130 
— 

2000 

133 

100 

— 

— 

— 
— 

— 

50 
— 

160 - 930 

30 - 210 

50 - 5220 

5 0 - 6 4 
260 - 510 

4 - 170 
520 - 950 
1 2 0 - 1 0 400 

20 - 130 
140 - 2980 

100 

100 

100 

100 
— 

100 
— 

— 

100 
— 

2000 

100 

100 

1000 
— 

1000 
— 

— 

500 
— 

weight or ash weight have been converted to wet weight on the basis of known aver
age conversion factors, as given by Cherry and Shannon [23]. Concentration factors 
applicable to organisms as a whole and to individual tissues within the organism 
are discussed separately and the data are summarized in Table II 
[5, 12, 23, 24, 41]. 

4.1. Variation in CFs in organisms 

The data given in the table show the considerable ability of radium to concen
trate in almost all categories of organisms, the CFs generally exceeding ~ 10. 
However, a comparison of different groups of organisms and the work of various 
authors shows marked differences in CF values. For example, the CF value for 
phytoplankton varies from 100 to 12 000, which covers a range of over two orders 
of magnitude. Such large variations in CF values render the situation more complex 
and any meaningful interpretation of the data becomes difficult. In any case, a degree 
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of caution is necessary when using CF values to interpret the environmental migra
tion behaviour of radium — or of any element for that matter — since the CF pro
vides only an index parameter and should not be construed as being an absolute 
value. As discussed earlier, in Section 3 of this paper, the concentration process of 
a given element in marine animals is influenced by several environmental factors, 
such as salinity, temperature, availability of food and possibly by such 'organism 
variables' as animal body size, rate of change of body size, etc., with any observed 
differences in concentration being partly or wholly attributable to these factors. 

With regard to variations in the CF between different trophic levels, no clear-
cut trend is evident. The data of Cherry and Shannon [23] and Lowman et al. [5] 
show a trend of decreasing CF from the lower to higher trophic levels. However, 
no such definite trend is discernible from the data taken from Ref. [12] listed in the 
same table, nor from the data taken from IAEA-TECDOC-211 [41]. In fact, the CF 
value in Ref. [41] stays uniformly at 100 for each category of organism, implying 
a total lack of trophic level preference for radium concentration. However, the data 
in Ref. [12] cover a wide spectrum of marine animals from a single site in the coastal 
waters of Kalpakkam, India, while the rest of the data in Table II are of a heterogene
ous nature. This site specific data could be of some assistance in looking at the 
preferences of organisms for radium in soft parts and other tissues, as is evident from 
the trend given below: 

phytoplankton (CF: 102), zooplankton (CF: 102) > Crustacea (soft parts) 
(CF: 10 - 102) 

and 
fish (soft parts) (CF: 10 - 102), macrophytes (CF: - 1 0 - 102) > Mollusca 
(CF: 10) 

In view of the highly scattered CF data among groups of organisms, as 
observed in Table II, the IAEA has found it necessary to provide 'recommended' 
CF values for use in radiological assessments. These values are also given in Table 
II [24]. The recommended CF values for phytoplankton, molluscan and crustacean 
soft parts are ~ 103; for macrophytes, zooplankton and fish muscle they are ~ 102. 
Some of the laboratory studies of Bonotto et al. [42] for a set of marine organisms 
(algae, shrimp crab, starfish, mussels, snails, etc.) have yielded 226Ra CFs in the 
range of 0.8 to 99 under incubation conditions of 7-21 days, values which generally 
appear to be much lower than those given in Table II. The reasons for the differences 
observed in field and laboratory CFs are not clear. 

4.2. Variation in CFs in the tissues of organisms 

Limited information exists on CFs related to the individual tissues of different 
organisms. From the data available for marine invertebrates and vertebrates, the 
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hard tissues, such as shell, bone, etc., which are calcareous in nature, are character
ized by relatively higher CFs in comparison with soft tissues. From the data in Ref. 
[12], one can see enhanced CFs that are of an order of magnitude for hard tissues, 
as compared with soft parts: 

Molluscan soft parts: ~ 10; shell: ~ 102 

Crustacean soft parts: - 1 0 102; shell: ~ 102 103 

Fish muscle: ~ 10 - ~ 102; bone: ~ 102 - ~ 103 

The muscle tissues of fish generally display very poor radium concentration 
levels, with low CFs. However, Horsic and Bauman [19] have reported a high 
226Ra value, of 2.603 Bq/kg fresh in the fish Clupea pilikhardus, with a (high) CF 
of 1526 from an Adriatic estuary. This value for fish muscle is unusually high and 
is close to bone radium values generally seen in fish elsewhere. 

From the Kalpakkam, India, study, an exceptionally high CF value of 10 400 
was observed in the gill tissue of the mud crab, Scylla serrata, which is significant. 
The same gill tissue also had a high CF value of 24 700 for 228Ra, thus dispelling 
any doubts about the former (high) value. The active role played by the gill tissue 
of the animal in the adsorption of radium is quite evident and further studies are 
needed to explore the mechanisms of adsorption and translocation of radium to other 
tissues within the same organism. Data from Rao and Goldberg [43] support the 
notion that the mucous sheets of the gills act as adsorbers and it is presumed that 
by some process in the gut the adsorbed cations are released from the mucus for 
absorption. Interestingly, the crustacean exo-skeleton, such as crab shell, also has 
high 226Ra (3.4 Bq/kg wet) and 228Ra contents (17.5 Bq/kg wet) as compared with 

TABLE III. Ra-226 LEVELS OBSERVED IN THE TISSUE OF FISH IN INDIA 
[12] 

_ , Ra-226 concentration (Bq/kg wet) 
Fish type M 6 

Muscle Bone Liver 

Cybium sp. 0.03 0.24 NDa 

(Pelagic) 

Ray. Trygon sp. NDa 5.15 NDa 

(Benthic) 

ND: not detected. 
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TABLE IV. Ra-226 CONTENT AND DF VALUES FOR MARINE ORGANISMS 

[16] 

Material 
(sampling location) 

Plankton 

Calanus finmarchious 

Schizopod crustaceans 
(Mission Bay, California, USA) 

Diatoms 

Mixed plankton (North Sea) 

Mixed plankton (Tyrrhenian Sea) 

Fish 

Cottus gobia 

Various 

Algae 

Brown algae (Black Sea) 

Algae (Gulf of Kola) 

Algae 

Kelp 

Crustacea 

Balanus balanoides 

Various 

Barnacles 

Mollusca 

Various 

Pelecypods 

Gastropods 

Pelecypods 

Radium content 
(10-13 g/g ash) 

2.0 

4.6 

20.0a 

2.8" 

18.1c 

2.7 

0.4-1.6d 

5.6 

2.0 

0.5-7.0f 

2.0 

0.2 

0.6-2.0 

1.0-3.3 

0.2-1.4 

0.1-2.5 

0.02-0.3 

0.003-0.14 

Calculated 

average 
DFc

a
a 

55 

600 

57 

40 

30e 

1 

1.6-6.5 

2-6.6 

0.4-2.4 

0.2-5.0 

0.04-0.52 

0.04-1.03 

Reference 

[48] 

[15] 

[10] 

[8] 

[11] 

[49] 

[50] 

[51] 

[48] 

[52] 

[15] 

[50] 

[8] 

[53] 

t8] 
[53] 

[53] 

[18] 

a g/g dry material; siliceous phytoplankton; ash content over 60%. 
b 65% Si02. 
c 3.0% strontium content, owing to the presence of Ancantharia. 
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Table IV. (cont.) 

d Converted to g/g ash, assuming a 4% ash content. 
e Average DF, assuming a 10% calcium content. (Authors' note: Szabo's assumption [16] 

of a 10% calcium content in the sample of brown algae introduces some problems of 
validity regarding the given DF§, value of 30. What is required is the actual calcium 
content of the material with which the discrimination of radium relative to calcium can be 
realistically derived. In the absence of this the reported value may be open to some 
speculation.) 

f Converted to g/g ash, assuming a 20% ash content. 

the soft parts (226Ra level: not detected; 228Ra level: 0.12 Bq/kg wet) [12]. The 
moulting aspect of crustaceans is well known and the significance of the elevated 
radium presence in their exo-skeletons needs to be taken into account in the bior 
geochemical cycling of radium, in addition to the contributions from other hard tis
sues, such as the bone matter of fish, mammals, etc. Fowler [44] has made a similar 
observation dealing with the marine biogeochemical cycling of plutonium via the 
exo-skeleton of certain shrimps. As regards corresponding data on 90Sr, the data on 
molluscans and crustaceans are limited. According to Pentreath [7], environmentally 
derived 90Sr CF values are generally < 10 for molluscan soft parts and < 100 for 
the whole body of crustaceans. Detailed studies have been carried out by Martin [45] 
on the accumulation of 85Sr by crabs in relation to the moulting cycle. 

The levels of 226Ra observed in some fish tissues, including the liver, in an 
Indian study [12] are given in Table III. The liver, which usually plays a prominent 
role in the detoxification of many toxic metals, is singularly free of 226Ra in both 
types of fish. It appears that one of the important sites of plutonium accumulation 
is the liver among such fish species as plaice, cod, mackerel, etc. [46]. The reasons 
for the total absence of radium observed in fish livers may need some explanation. 

5. DISCRIMINATION IN RADIUM UPTAKE 

Reports exist on the ability of plant and animal cells to discriminate against 
radium relative to calcium [47], although both elements belong to the same group 
in the Periodic Table and have very similar physical and chemical properties. The 
capacity of the organism to discriminate one element against another can be meas
ured using a discrimination factor (DF). In the case of radium, which is a member 
of the alkaline earth group, the DF would be useful in deriving the relative concentra
tion preference, or otherwise, of an organism for radium with respect to calcium, 
strontium and barium. 
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Szabo [16] and Edgington et al. [13] have attempted to use DFs to clarify the 
concentration preference of radium with respect to calcium in plankton, macro-
phytes, invertebrates and vertebrates. 

The DF for radium with respect to calcium is calculated as: 

C, Ra 

D F g 
-Ca 

organism 

'Ra 

'Ca 
sea water 

where CRa and CCa are the concentrations of radium and calcium, respectively. 
Table IV gives the concentration values of radium for a group of marine organ

isms such as plankton, fish, algae, Crustacea and Mollusca [48-53]. The table 
also includes calculated D F ^ values, as derived by Szabo [16]. The D F ^ values 
among the organisms reveal two distinct groups: (i) plankton, fish and algae 
(DF&: 30-600), and (ii) Mollusca and Crustacea (DFg|: 0.04-6.6). 

In terms of relative preferences, the concentrations of individual alkaline earth 
elements in mixed plankton samples decreased in the order Ca > Mg > Sr > Ba 
> Ra. However, on the basis of the derived mean DF for each element in the six 
samples, the sequence of selectivity according to Szabo [16] was found to be: 

Element: Ra > Ba > Sr > Ca > Mg 
(DF): (19) (18) (1.2) (1.0) (0.1) 

According to these data, radium and barium are found to be highly preferred 
by the plankton samples. Further examination of Szabo's data has also indicated that 
plankton organisms possibly concentrate alkaline earths by a process of ion 
exchange. One of the plankton samples, consisting of siliceous diatoms, shows a high 
DFca value of 600, demonstrating the exceptionally high preference of diatoms for 
radium. In support of this is the data of Shannon and Cherry [9], which give the 
highest 226Ra value (66.6 Bq/kg) in a phytoplankton sample containing mainly the 
diatom Rhizosolenia alata forma gracillima. Ku et al. [54] have proposed that the 
226Ra transportation from surface water to deep water in the ocean takes place by 
its association with biological debris consisting mainly of siliceous diatoms. This 
view has been supported by Edmond [55]. 

In the case of Mollusca and Crustacea, Szabo's data [16] give DFQJ values 
ranging from 0.04 to 6.6, which are relatively lower than that of plankton, fish, 
algae, etc. Kirchmann et al. [56] have reported a DFcJJ value of 1.68 for the soft 
tissues of the sea mussel Mytilus edulis. 

To understand the concentration preferences of radium among, alkaline earths, 
and to characterize the possible mode of radium uptake by marine macrophytes, Edg-
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ington et al. [13] have carried out investigations in considerable detail in the coastal 
water of Puerto Rico. Chlorophyta (green), Rhodophyta (red) and Phaeophyta 
(brown) were the three main divisions they studied. The D F ^ was < 1 in all but 
highly calcified algae. When the calcium content in the algae is less than 50% 
CaC03, the DF varies between 5 and 100, with most values falling between 
2 and 40. These results demonstrate that some of the algal species show a specific 
accumulation preference for radium relative to calcium. 

A preferential uptake of radium over that of calcium has also been found by 
Kannan [57] for seaweed of the coastal water of Kalpakkam, India. The algal species 
studied consisted of Chaetomorpha antennina, Cladophora sp., Enteromorpha com-
pressa, Enteromorpha intestinalis, coming under Chlorophyta, and Gracilaria cor-
ticata, Grateloupia sp., under the phylum Rhodophyta. The 226Ra and DFs 
observed for Chlorophyceae and Rhodophyceae were in the range of 15 to 84 (mean: 
33) and 18 to 28 (mean: 23), respectively, showing a distinct accumulation prefer
ence for radium relative to calcium. These results are significant in the context of 
the role of macrophytes forming the staple diet of many marine organisms (Mol-
lusca, limpet, chiton, etc.). Considerable scope for investigation exists in this area 
in the study of the food chain transfer mechanisms involving radium among marine 
molluscan species whose staple diet consists of macrophytes. 

Substantial work by Blanchard and Oakes [18] dealing with radium and mollus
can shells from coastal locations in the USA has helped to show that radium/calcium 
(Ra/Ca) ratios in the shells were strongly dependent upon whether the calcium car
bonate precipitated was formed as pure aragonite, as pure calcite, or as a mixture 
of the two mineral types. In other words, the Ra/Ca ratios were considerably higher 
for aragonite than for calcitic minerals. Also, at most locations, the Ra/Ca ratio 
decreased as the percentage of aragonite decreased and, further, the Ra/Ca ratio in 
aragonite type shells generally increased as the Ra/Ca ratio of the water increased. 
An important conclusion to come out of this study was that while the radium uptake 
relative to calcium in molluscan shells depended largely upon the type of carbonate 
mineralization, i.e. whether aragonite or calcite, mineral formation itself appeared 
to be controlled by the organism, modified to some extent by the physical and chemi
cal properties of the ambient environment. It was evident from this study that calcitic 
shells discriminate against radium to a greater extent than do aragonite shells. 

6. FACTORS AFFECTING UPTAKE 

There are a number of factors in the marine ecosystem which might have a 
direct or indirect influence on the mode and degree of uptake of a radionuclide by 
marine organisms. Some of the important ones, apart from the chemical form of the 
radionuclide and its ability to form organic complexes in the marine ecosystem, are 
environmental factors, such as salinity, temperature, pH, light, major ion effects, 
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etc. Some radium studies do exist on algae [58-60] and snails [61] in freshwater sys
tems, but such investigations in marine systems are rare. Of the various factors men
tioned above only the effect of major ions in the passage of radium from the marine 
aquatic environment to the biotic species has received any attention, to the virtual 
exclusion of others. Field data on algae, and some molluscan shells, pertaining to 
the effect of calcium on radium accumulation, have been collected by Blanchard and 
Oakes [18] and Edgington et al. [13], respectively. These data are not only instruc
tive regarding the degree of radium uptake by the subject species, but also throw light 
on the nature of radium association within the organism. 

As stated earlier, Blanchard and Oakes [18] have made an interesting study of 
the relationships between uranium and radium in coastal marine shells and carbonate 
content, species, concentration and the ionic form of the nuclide in water. In the con
text of the major ion effect relating to calcium, this study makes some very interest
ing observations. For example, it was observed by the authors that the concentration 
of trace radium and uranium in marine skeletal carbonate is a function of a number 
of factors, such as (i) ionic size of the trace ion, (ii) crystal structure of the precipi
tated calcium carbonate, (iii) temperature of the water, (iv) the salinity of the water, 
(v) concentration of trace ions with respect to major ions such as calcium, and 
(vi) species effect. From the substantial data obtained it was possible to conclude that 
the Ra/Ca ratios of the carbonate shells were strongly linked with the mineralogy, 
as the uptake factors for radium and uranium were relatively higher — by four times 
on the average — for aragonite type minerals as compared with calcite. In addition, 
the physiology of Mollusca also appears to play a part in discrimination or accumula
tion [62, 63] in the case of strontium. From the studies, Blanchard and Oakes con
cluded that the concentration of radium and uranium in organically deposited marine 
calcium carbonate is strongly dependent upon the species, mineralogy of the car
bonate, the concentration and the ionic form of the nuclide in the water. 

It would be worthwhile to note from the study mentioned above the specific 
preference for the concentration of radium for an aragonite type crystal lattice. A 
study of the mineralogy of the deposited carbonate among various groups of marine 
organisms and their concentrations of radium and calcium would be very useful in 
providing a better understanding of the migration behaviour of radium in the marine 
biosphere. Such studies have been few and further research efforts in this area are 
desirable. 

Edgington et al. [13] carried out an intensive study of the natural radioactivity 
of tropical marine algae, which included measurements of 226Ra, 232Th and 238U 
concentrations, together with analyses for total organic content, protein nitrogen, 
calcium and a few trace metals. Various algal species belonging to Chlorophyta, 
Rhodophyta and Phaeophyta, and having appreciable concentrations of carbonate, 
formed the main subjects of study. From the regression analyses of the data, the 
authors demonstrated a lack of correlation between radium and calcium uptakes 
when all of the algae were grouped together (R = —0.002, p > 0.05). However, 
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when the same data were analysed by phylum, some interesting conclusions were 
noted by the authors. For example, it was observed that Rhodophyta and Phaeophyta 
have significant correlation coefficients at R = 0.51 and R = —0.81 (p < 0.001), 
respectively, while Chlorophyta had the least, R = -0.08 (p > 0.05). Another 
interesting feature of this study was the significant (p < 0.005) correlation coeffi
cient (R = 0.69) between protein and radium for Phaeophyta, which had shown 
a significant inverse correlation between radium and calcium. This showed that the 
concentrations of radium and protein nitrogen were directly related. This conclusion 
is a significant departure from the generally held view regarding the lack of strong 
complexing behaviour of radium in biological uptake processes. Similar studies 
covering different groups of organisms and individual species of marine animals are 
also given. 

Boyden [64] has studied the relationship between animal body size and trace 
stable element uptake in certain Mollusca. However, no such investigation appears 
to have been carried out on this aspect associating radium with any organism and 
this topic also merits further study. 

7. SUMMARY 

Studies dealing with radium in the marine environment have shown that marine 
animals like zooplankton, Mollusca, Crustacea, fish, etc., have the ability to concen
trate radium in varying degrees. Concentration factors for radium varying from —10 
to ~ 103 are typical for various groups of marine organisms. In general, the lower 
trophic level organisms, such as phytoplankton, appear to concentrate higher levels 
of radium than the higher trophic level species, e.g. fish, suggesting poorer migra
tion of radium across the marine food chain system. Also, radium levels in hard tis
sues such as the shell or bone of many organisms are relatively higher, in conformity 
with their higher calcium background. However, cases of accumulation of radium 
in preference to calcium among organisms have also been reported. Further, radium 
concentrations in organically deposited marine calcium carbonates have been found 
to be most strongly influenced by the aragonite mineral form rather than by the cal-
cite form. Further studies are needed to establish the true relationships prevailing 
between radium and calcium in their transportation cycle in the marine ecosystem. 

Thus large gaps remain in our knowledge of the radium uptake behaviour of 
a number of marine organisms. A concerted effort is thus necessary to generate 
information relating to various representative marine ecosystems from different parts 
of the world, including representative food chains, to gain a better understanding of 
radium distribution in the oceans and its possible implications for radiation dose esti
mates to world populations. 
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1. INTRODUCTION 

This chapter examines the qualitative factors that promote and constrain 
radium accumulation by aquatic plants (a) at the cellular level, (b) the quantitative 
aspects of the rate and extent of radium accumulation by the whole plant, (c) accumu
lation from sediment and translocation within vascular plants, and (d) the role of 
plants in radium cycling within the aquatic environment. In a recent review, Cough-
trey and Thorne [1] stated that at the time of writing there did not appear to have 
been any attempt to construct generalized dynamic models of accumulation and 
retention of radionuclides by aquatic plants, nor any general reviews of the subject. 
This is certainly true for radium and, where there is no information on radium, the 
general principles will be illustrated from relevant information on other trace metals, 
particularly strontium (for which the review by Pally and Foulquier [2] has been 
helpful) and calcium. 

2. THE PLANT-WATER INTERFACE 

As radium is transferred from the water column to an aquatic plant, it first 
encounters the cell wall, either of the parent plant or of its epiphytic community. The 
cell wall of most plants is composed of a porous matrix of gelatinous polysaccharide 
fibres surrounding the plasmalemma or cell membrane [3]. It is considered to be 
freely accessible to water and solutes in the surrounding medium and, in terrestrial 
plants, plays a significant role in water and solute transport throughout the plant [4]. 

Stary et al. [5] have studied the kinetics of accumulation of a range of cationic, 
anionic and neutral metal ions and complexes by the cell walls of freshwater algae 
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and concluded that separate sites are involved for the three different groups, with 
the metal cations being most strongly accumulated. Radium is the most strongly 
accumulated of the alkaline and alkaline earth elements [6]. Non-disintegrated, spray 
dried cells of the single celled alga Scenedesmus obliquus behaved predominantly as 
polyfunctional weakly acidic cation exchangers [7]; similar results were obtained by 
others using macerated algal cell walls. Microconcentrations of transition metals 
were accumulated independently of alkali and alkaline earth metals. Hydrogen is the 
dominant cation in the exchange complex at pH less than about 6, but above this 
calcium and magnesium are the dominant ions. 

Havlik and Robertson [8, 9] used a one minute wash in 0.01 N ethylenedi-
aminetetraacetic acid (EDTA) to remove the loosely bound radium from a variety 
of species of freshwater algae and found that the process removed 25-45 % of radium 
accumulated over 14 days by green algae and up to 100% of radium taken up by 
some blue-green algae. This demonstrates that the cell wall plays a major role in 
radium uptake, at least in algae. No published work is available on the extent of 
surface accumulation of radium in aquatic vascular plants, but in our laboratory [10], 
about 80% of the radium accumulated from contaminated water over 30 days by 
green foliage of the water lily, Nymphaea violaceae, was removed during the first 
day after transfer to clean water. Subsequent loss was very slow and this suggests 
that most of the radium removed on the first day was very loosely bound to the plant 
surfaces. In contrast, the aquatic grass Pseudoraphis spinescens showed that essen
tially none of the radium accumulated over 15 days in foliage could be washed off 
in water, but about 20% was exchangeable in 1M NaCl [11]. This suggests a quite 
different type of chemical bond in this species. 

Marciulioniene et al. [12] studied strontium distribution in three species of the 
large celled Characeae and found that over 90% was accumulated in the cell wall. 
Similar results have been found with other trace metals [12, 13]. 

If most of the trace metal is loosely bound to the cell wall, then small differ
ences in the sample preparation technique will produce large variations in the result 
and some caution is required in interpreting the results of metal bioaccumulation 
studies. Horikoshi et al. [14] found that 85% of the uranium that is taken up by live 
Chlorella vulgaris can be taken up by macerated and separated cell walls, but later 
studies with the same species and a different technique identified only 5% in the cell 
wall [15]. Wehr et al. [16] found that different washing and drying routines for 
preparing aquatic bryophyte samples produced up to tenfold variation in the concen
tration of some trace metals. 

Epiphytes, or aufwuchs, consisting mainly of algae and bacteria, develop 
rapidly and extensively on the submerged shoots of macrophytes and may considera
bly modify the capacity of the plant to take up trace metals from water. Emerson 
and Hesslein [17] reported significant radium uptake by epiphytic algae growing on 
rocks. However, there appears to have been no special study of radium uptake by 
epiphytes growing on plants. 
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3. INTRACELLULAR ABSORPTION 

3.1. Metabolic control of radium uptake 

Processes within the plant cell are largely under the control of cell metabolism, 
but it is not clear which metabolic processes are most likely to control the movement 
of non-nutrient trace metals like radium. It has been demonstrated that strontium fol
lows calcium metabolism fairly closely [18], so it is also possible that radium may 
also be influenced by calcium metabolism. Calcium is largely used by plant cells in 
the construction of cell walls and cells membranes [19] and can accumulate in large 
concentrations as inorganic crystalline deposits [20]. Dividing cells should thus use 
more calcium than non-dividing cells and, while this has not been demonstrated for 
radium, Rice [21] found that strontium uptake in actively dividing cell cultures was 
over one hundred times greater than in non-dividing cultures; however, this experi
ment confounded cell division and metabolic rate. Translocation of calcium occurs 
via the phloem of vascular plants and is dependent on protein metabolism [22]. In 
general, calcium is one of the least mobile nutrients and tends to remain where it 
was first laid down [19, 22]. 

The role of cell metabolism in radium uptake has not been directly studied. 
Emerson and Hesslein [17] found that 226Ra uptake by epiphytic algae was not 
significantly reduced by heat killing and concluded that metabolic processes were not 
involved. However, they followed uptake only as far as a short term equilibrium that 
occurred after one hour and Havlfk and Robertson [8, 9] have demonstrated that only 
adsorption is significant over this time-scale; absorption takes several days to 
equilibrate. Aoyama et al. [23] studied 137Cs uptake by the blue-green alga 
Anabaena variabilis in both light and dark cultures; the dark process accounted for 
32% of the total uptake and equilibrated with a half-time of 2 ± 0.4 hours, and the 
light process accounted for 68% of the total uptake and equilibrated with a half-time 
of 30 + 6 hours. Havlfk's work on algae showed that while some species accumu
lated all of their radium by surface adsorption, others accumulated significant 
amounts by absorption and could be influenced by this type of metabolic control. 

3.2. The electrochemical gradient 

One result of metabolic control within the cell is the negative electrical poten
tial maintained between the internal and external environment; it provides a basic 
drive for the accumulation of cations. The degree of accumulation that can be 
explained by this mechanism can be calculated from the Nernst equation as follows: 

ZF L X J 
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where E is the electrical potential across the membrane, R is the gas constant, T is 
the absolute temperature, F the faraday or charge carried by one gram equivalent, 
Z the valency of the ions, S the concentration outside the cell and Xthe concentration 
inside the cell (from Ref. [24]). At 20 °C the equation for the equilibrium concentra
tion factor (CF = X/S) is 

— = i o _ £ Z / 5 8 

s 
The value of £ measured in various members of the Characeae ranges from -100 mV 
to -159 mV [24] and yields values for the CF for divalent cations of 103 to 105. The 
average fresh weight CF for radium from water to algae is 430 [25], so it is wholly 
explained by the electrochemical gradient; indeed, its very low value requires some 
explanation. Calcium uptake is generally assumed to be the result of the same elec
trochemical mechanism [19, 22]. 

3.3. Discrimination 

The low radium CF for algae compared with that which could be sustained by 
the electrochemical potential may indicate that radium is being discriminated against, 
relative to other cations, in the uptake process. In radioecology, discrimination 
against several trace non-nutrient elements has been demonstrated and explained by 
means of the analogue hypothesis [18]. It is assumed that non-nutrient trace elements 
are taken up and metabolized as if they were a chemically analogous major nutrient; 
strontium, for example, is often taken up and metabolized as if it were calcium. If 
radium also behaves as an analogue of calcium, then the radium: calcium ratio in the 
plant will be lower than that in the substrate if such discrimination does occur. The 
ratio of the radium:calcium ratios in the plant and medium is called the discrimina
tion factor, or observed ratio (OR). The OR in some plants has been found to be less 
than unity, for example, by Kirchmann et al. [26], Bhujbal et al. [27] and Gunn and 
Mistry [28], and this reduction has been attributed to discrimination by the plant 
against radium. The analogous behaviour of radium and magnesium has not been 
examined in as much detail, but Ashkinazi [29] found that the OR for 
radium:magnesium was much less variable than that for radium:calcium, suggesting 
a stronger relationship between radium and magnesium. The analogy between 
radium and calcium metabolism has not been rigorously defined; calcium can 
suppress the uptake of elements other than the alkaline earths [4] and it has yet to 
be demonstrated whether elements other than alkaline earths can suppress radium 
uptake. Mundy [30] showed that potassium and sodium can suppress calcium and 
magnesium uptake by rye grass from sand culture and if they can suppress radium 
uptake also, then the analogue hypothesis is contradicted. 
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It is not clear whether discrimination results from chemical or biological 
causes. The chemical similarity of radium and calcium probably leads to ionic com
petition: on the one hand calcium will be favoured against radium because it is the 
more abundant ion but, on the other hand, radium may be more strongly bound than 
calcium to the available exchange or adsorption sites [6]. Calcium is known to 
increase the power of plant membranes to discriminate against toxic materials [4]. 
An increased calcium concentration can decrease the uptake of radium by terrestrial 
plants in solution culture [31] and both calcium and magnesium can reduce radium 
uptake by foliage of the water lily Nymphaea violaceae [10]. An increased barium 
concentration can reduce radium uptake in freshwater algae [32]. It is therefore not 
clear whether these effects result from ionic competition or from a nutrient effect of 
the major ions on the performance of the membrane. 

Marciulionien6 et al. [12] showed that increased calcium reduced strontium 
accumulation by the cell walls, the protoplasm and the vacuole in two species of the 
Characeae. There was no consistent difference between the extent of reduction in the 
cell wall and that in the cell interior, suggesting a process of ionic competition rather 
than metabolically determined membrane selectivity. 

In general, the OR of radium in terrestrial plants is less than 1, but this is not 
invariably the case. Some terrestrial plants discriminate in favour of radium, giving 
an OR > 1 [33] and some aquatic plants do the same [34], although there are few 
data for aquatic plants. Ophel and Fraser [35] found similar discrimination in favour 
of strontium; 16 of 22 aquatic plant species studied had strontium OR values greater 
than 1. It is possible that the OR value is influenced by the relative importance of 
adsorption over absorption. In plants where the dominant mode of uptake is by 
adsorption on surfaces, the OR. may be greater than 1 because radium is more 
strongly adsorbed than calcium to the cell wall [6]; alternatively, if absorption is the 
dominant mode of uptake, then the OR may be less than 1 because calcium is 
preferentially absorbed for its nutrient value. Mistry [36] reported data that supports 
this interpretation: the OR in the roots of various crop plants grown in nutrient 
solution, where there was a large accumulation of radium in the roots, was greater 
than 1, but it was less than 1 in the foliage where the radium had to be translocated 
from material that had been absorbed by the roots. 

All of the OR calculations quoted here assumed water to be the source of 
radium, calcium and strontium to aquatic plants. This is true for algae and free float
ing vascular plants, but the species reported in Ref. [34] are rooted macrophytes, 
so the contribution from sediment cannot be ignored. Data from our laboratory on 
field collections of the water lily Nymphaea spp. yield OR values for radium of less 
than 1 when calculated from either the sediment or the water. 

There is no consistent pattern of discrimination against radium relative to 
calcium. If discrimination, either for or against radium, does occur in some species, 
then it would have to be demonstrated before the analogue hypothesis can be used 
to any advantage. 
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3.4. Chemical form of radium 

The alkaline earth elements increase in ionic radius with increasing atomic 
weight so, among free ions or hydrated ions, radium could be discriminated against 
on the basis of size. Radium sulphate is the least soluble of the common inorganic 
compounds found in surface water, but the minute concentrations involved in pollu
tion studies (1 Bq/L = 10"12 M) always remain below the concentration that would 
lead to precipitation, so radium generally exists as a divalent cation in aqueous solu
tions [37]. The effect of inorganic speciation on radium uptake by aquatic plants can 
thus be ignored. 

The extent of organic complexation of radium has not been studied. Hart [38] 
has suggested that organic matter is the single most important determinant of trace 
metal behaviour in fresh water. Calcium binds strongly to organic molecules [19], 
so radium may do the same. However, Vos et al. [39] studied the bond between 
radium and organic matter in soil and sediments from the Alligator Rivers region, 
Northern Territory, Australia, and concluded that organic complexes made up only 
a minor fraction of the total radium content. Buffle [40] classified the common metal 
cations into three groups according to the stability of the complexes they form with 
natural organic matter in the aquatic environment, and calcium, magnesium, stron
tium and barium (and presumably also radium) appeared in the group that formed 
the least stable complexes. 

The effect of organic complexation on radium uptake by aquatic plants has not 
been studied. Organic matter has been found to cause a variety of effects on the 
uptake of other trace metals by aquatic plants. Geisy and Paine [41] studied the effect 
of natural organics, separated into four molecular size classes, on americium uptake 
by a freshwater alga and a bacterium and found that some fractions reduced and 
others increased americium uptake, and in other cases there was no apparent effect. 
Fisher et al. [42] studied the effect of organic matter from several different sources 
on americium and plutonium uptake by a marine diatom and concluded that there was 
little effect on bioavailability. Organic matter could therefore increase, decrease or 
not affect radium uptake by aquatic plants and the outcome may depend on the 
sources and/or composition of the available ligands. 

4. THE RATE OF RADIUM ACCUMULATION 

4.1. Time to reach equilibrium 

An approximate measure of the rate of accumulation is the time required for 
the process to reach equilibrium. Havlik et al. [8, 9, 32] studied radium uptake by 
a variety of freshwater algae and found that the times required to reach equilibrium 
ranged from three to seven days, with some species reaching a maximum on the first 
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day and subsequently declining. The two earlier works included an estimate of the 
loosely bound fraction and in all cases this fraction reached its maximum more 
rapidly than the more strongly bound radium. Pally and Foulquier [2] reported 
equilibrium times for strontium uptake by a variety of freshwater plants ranging from 
3 min to 130 d, with a median time of 9 d. Trace metal accumulation on non-living 
organic matter and heat killed cells, which is dominated by surface processes such 
as adsorption and ion exchange, occurs rapidly, equilibrating within an hour or so 
[17, 23, 43]. The longer equilibration times point to much slower processes. 

4.2. Kinetic models of uptake and loss 

As noted by Coughtrey and Thome [1], quantitative models have not been 
widely used to interpret the dynamics of radionuclide uptake by aquatic plants, so 
an outline will be given here of the models that have been taken from the field of 
chemical kinetics (e.g. Ref. [44]) and used extensively in other areas of radio-
ecology (e.g. Ref. [18]). A simple model of the uptake process can be defined as 
follows: 

S ^X (2) 
h 

where S is the trace metal concentration in water, X is the trace metal concentration 
in the plant and k] and k2 are the uptake and loss rate coefficients, respectively. 
Assuming the reaction rate is first order (proportional to S", where n = 1), the sys
tem is closed (no gain or loss of trace metal during the experiment), and the reaction 
is homogeneous (occurring everywhere at the same rate), then the following 
differential equations describe the behaviour of the system: 

dS 

dt 

dX 

= -Jfc,5 + k2X (3) 

= kxS - k2X (4) 
dt 

In the case where X = 0 at t = 0, Eqs (3) and (4) integrate to 

S = klS° (1 - «-»'+**) + S0e~«>+k* (5) 
&i + k2 

X = M o (1 - «-<*!+**) (6) 
kx + k2 
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Bergamini et al. [45] used this model, modified to incorporate plant growth and 
death, to analyse I37Cs loss from water and uptake by Lemna minor. Their equa
tions for X fitted the data well, but the equations for S overestimated the observed 
data. This probably resulted from the presence of sinks in the apparatus other than 
X, such as the container walls. This is a common problem because trace metals 
generally have a strong tendency to adsorb to any available surface. When this 
problem does arise, Eqs (3) and (5) have a more complex analytical form [18] or 
the problem can be solved numerically (see, for example, Ref. [46]). One means of 
avoiding this problem is to use a continuous flow apparatus to hold S constant. The 
solution to Eq. (4) then simplifies to 

S (1 - e~h') (7) 

A single compartment model of radium uptake by plants is clearly inadequate 
when adsorption to the plant surfaces is significant, so the next step is to assemble 
a two compartment model. Since plant cell walls are porous, the simplest two 
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FIG. 1. Ra uptake by the freshwater green alga Ankistrodesmus falcatus (from Ref. [9]). 
The scale for water is not given, but the initial radium concentration was 4000 Bq/L. 
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FIG. 2. Adsorbed and absorbed fractions of 226Ra in Ankistrodesmus falcatus (means ±1 
standard deviation, calculated from Ref. [9]), together with model predictions. 

compartment model of trace metal uptake from the bathing solution is that which 
consists of the cell wall (X{) and the cell contents within the plasmalemma (X2), 
each competing independently for ions in the solution (S). The model will thus 
contain two expressions like Eq. (4). There are other possible configurations; for 
example, the cell wall may control the concentration of ions at the membrane 
surface, thus making uptake into X2 dependent on X{ rather than on 5. The equa
tions describing this model are more complex than those for the independent model, 
as illustrated in Ref. [18]. Because there is no point in using models that go beyond 
the data that are available to test them, only the independent model is illustrated here. 

In the existing literature on radium uptake by aquatic plants only the work of 
Havlik and co-workers is amenable to this analysis. For example, Havlik and 
Robertson [9] describe 226Ra uptake by the freshwater green alga Ankistrodesmus 
falcatus, and their Fig. 8(b) is reproduced here as Fig. 1. The course of radium 
uptake in the alga is described in terms of the concentration factor (CF = X/S). The 
radium concentration in water (5, in Bq/L) declined rapidly, following the equation 

S = 2035e-'-32' + 1665 (8) 
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An initial peak occurred in the radium concentration in the plant (X) at day 1, 
followed by a trough at day 3, and a second peak at days 7-14. Adsorbed and 
absorbed fractions were also estimated using chemical desorption (one minute wash 
in 0.01M EDTA) and are plotted in Fig. 2. The absorbed fraction increased asymp
totically to a maximum around day 14. The adsorbed fraction peaked at day 1 and 
then declined. The model predictions were derived by substituting Eq. (8) into Eq. 
(4) and integrating, following Whicker and Schultz [18]; the expression for the CF is 

2 0 3 5 f c l (*-»•» -e -**) + 1665kl (1 - e-k«) 
X *i - 1-32 k2 

CF = — = — (9) 
S 

2035e~L32' + 1665 

For ki = 30 550 and k2 = 3.7, this function peaks at day 1 and declines to 
equilibrium, similar to the adsorbed fraction (Fig. 2, dashed line), and with a value 
of &i = 1000 and k2 = 0.2 it equilibrates like the absorbed fraction (Fig. 2, solid 
line). The half-time for each process is calculated from (In 2)1 k2 and this gives 
4.5 hours for adsorption and 3.5 days for absorption. The equilibrium CF is given 
by the ratio of kilk2 and yields 5000 for absorption and 8260 for adsorption (on a 
dry weight basis). 

The model also gives some insight into the cause of the peak in the CF after 
the first day. The experimental data show that the peak is associated with the 
adsorbed fraction and not with the absorbed fraction, but the same theoretical model, 
using only different parameter values, describes both the peaked and non-peaked 
behaviour. The only difference between the two applications of the model is the rates 
of the processes, so the peak must result from an interaction between the rapid 
change in S at the beginning of the experiment and the rapid rate of adsorption; the 
absorption process is too slow to be significantly affected by it. 

5. THE EXTENT OF RADIUM ACCUMULATION 

As different plant species have different structural and metabolic characteris
tics, they will vary in their rate of physicochemical and metabolic processes and in 
the final radium concentrations reached. If the model based on Eq. (2) is correct and 
the accumulated radium is freely exchangeable (i.e. not immobilized in insoluble 
deposits), then the equilibrium concentration, found by setting Eq. (4) to zero, is 

X = — S (10) 

A plot of X against S should give a linear relationship with slope equal to the CF 
(=ki/k2). This author [25] applied this model to data on radium in 12 terrestrial and 
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FIG. 3. The relationship between radium concentration in algae and in the supporting water 
(data taken from various authors; see Ref. [47] for an explanation of the symbols and details 
of references). For the regression, N = 71, X = -0.409, Y = 2.226, Sb = 0.030, 
r = 0.971, P -̂  0.001. The dotted line represents the linear function. Weight conversions 
were based on 10% dry matter and 2% ash content. 

aquatic links in the human food chain and found that it fitted well only for freshwater 
algae. Other data from this author [47] are reproduced in Fig. 3. The best regression 
(Y = 441Z102, r = 0.97, P < 0.001) is not significantly different from a linear 
model (Y = 432X), which gives an average fresh weight CF of 430. Figure 2 is 
remarkable because it includes a wide range of structural and functional types from 
blue green to macroalgae. 

Radium uptake by freshwater vascular plants is more complicated because they 
have a more complex structure and can accumulate minerals from both the water 
column and the sediment. The data summarized by this author [47] include radium 
concentrations that range from 10~2 to 104 Bq/kg fresh weight. The average CF 
from water was 55, but when both sediment and water were taken into account, the 
CF from water was 8.6 and from sediment 0.014. The highest radium concentration 
found in any macrophyte was 2 X 105 Bq/kg dry weight for the rooted vascular 
plant Callitriche sp., reported by Justyn et al. [48] from the Ploucnice River, 
Czechoslovakia. The radium concentration in water was 0.8 Bq/L and the concentra
tion in sediment was not given, but values reported in the same work ranged as high 
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as 105 Bq/kg. The two source model (Eq. (11)) predicts a fresh weight concen
tration of 1400 Bq/kg under these conditions, a factor of 10 below the observed 
concentration (corrected to fresh weight). Rissanen [49] found very high concentra
tions of 226Ra in the aquatic moss Fontinalis sp. (upto 3200 Bq/kg dry weight) 
downstream of a uranium deposit, where the 226Ra concentration in water was low 
(<0.004 Bq/L), but in sediment was well above background (130 Bq/kg). This 
accumulation of radium is also greatly underestimated by the model, so these species 
can accumulate radium to a greater extent than other species. 

6. RADIUM UPTAKE FROM SEDIMENT 

The role of sediment in the functioning of rooted aquatic plants is much dis
puted but little studied [25, 50]. There are no experimental data on the contribution 
of radium to aquatic plants from sediment as distinct from the water. One source of 
relevant information is radium uptake by terrestrial plants from soil. The most obvi
ous difference between sediment and soil that may cause differences in the availabil
ity of radium to plants is the oxidation state, sediments generally being anoxic 
because they are saturated for most of the time and are sometimes below the level 
of water mixing that would allow some oxygenation to occur. Lack of oxygen causes 
the major soil chemical processes to go into a reduced state [51]. Radium remains 
a divalent cation under reducing conditions, but other sediment constituents may be 
reduced and this could indirectly affect the availability of radium. For example, iron 
and manganese are easily reduced and sulphates can be reduced to sulphides. 
Cooper et al. [52] found 10-13% of radium bound to iron/manganese oxides in sedi
ments from the Alligator Rivers region (40-60% was exchangeable) and Hesslein 
and Slavicek [34] found variations in radium concentration in deep lake water that 
could have been influenced by changes in iron and manganese oxidation states. 
Radium that is co-precipitated with calcium and barium sulphates may possibly be 
released under reducing conditions because the sulphides of calcium and barium are 
much more soluble than their sulphates [53]. Benes et al. [54] found 17-30% of 
radium in suspended particulate matter in river water upstream of a uranium mine 
to be associated with insoluble sulphates. Sheppard [55] reviewed literature that 
claimed an inverse relationship between the mobility of radium and other alkaline 
earths (calcium and manganese) in terrestrial soils. Kalin and Sharma [56] found that 
the radium concentration in water extracts from the substrate (abandoned uranium 
tailings) supporting stands of the semi-aquatic Typha spp. was inversely proportional 
to the combined calcium and magnesium concentrations. This inverse relationship 
suggests that exchange processes may dominate over changes in solubility. 

Average fresh weight CFs for radium uptake from soil by terrestrial plant 
species range from 0.003 to 0.09 [25, 57]. This author [25] calculated from the liter
ature an average CF from sediment to aquatic plant foliage of 0.014 independently 
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of the contribution from water. Since this falls within the range for terrestrial plants, 
there appears to be no difference in radium availability between the aquatic and ter
restrial environments. 

In contrast to this result, McLeod and Dawson [58] found that caesium uptake 
by seedlings of the water tupelo Nyssa aquatica was increased as the soil was inun
dated and they reviewed literature that reported similar results. Field collections of 
the aquatic grass Pseudoraphis spinescens and experimental work in the Australian 
Nuclear Science and Technology Organisation laboratory on radium uptake from 
contaminated sediment have shown that radium uptake from flooded soil is greater 
than that from dry or saturated soil. 

It has become increasingly evident in recent years that some aquatic plants pro
vide their own oxygen supply to the sediment [51] by a variety of structural and 
metabolic methods [59-61]. The availability of radium may thus vary with the avail
ability of the species to aerate the sediment. 

As noted above, some research has been carried out on the physicochemical 
forms of radium in freshwater sediments, but no such detailed investigation has been 
made of the availability of these different forms of radium to aquatic plants. Kalin 
and Sharma [62] measured the total radium and water extractable radium in soil 
around the root zone of Typha latifolia growing on abandoned uranium tailings, but 
found no relationship between this and the radium concentration in the plants. 

7. TRANSLOCATION 

There is no published work on the extent of translocation of radium within 
aquatic plants. Most of the work on trace metal uptake by aquatic plants has been 
carried out on algae, where translocation is not important, so studies with other ele
ments and terrestrial plants are the main sources of information. 

Verkhovskaya et al. [63] presented data collected from cultivated sunflower 
plants in which the radium content of leaves decreased systematically with height on 
the stem and they argued that this supported the view that radium was not remobi-
lized once it had been laid down. They did not consider that accumulation may be 
a function of leaf age or that the rate of translocation may decline with the age of 
the plant as found by Gunn and Mistry [28]. Smith [64] reported large concentrations 
of radium, strontium and barium in the fruit of the Brazil nut tree, which indicates 
high rates of translocation of these elements from relatively uncontaminated soil; 
however, this appears to be exceptional, since most plants exclude non-nutrient 
radionuclides from the reproductive parts [65]. In cultivated wheat, radium was 
translocated to all parts of the foliage to a lesser degree than barium and 
strontium [66]. 

Gunn and Mistry [28] showed that radium accumulated in the shoots of barley 
plants grown in a nutrient solution to a factor of 10~3 to 10"' times the concentration 
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in the roots. Kirchmann et al. [31] found a similar accumulation of radium in the 
roots relative to the shoots of Pisum sativum grown in nutrient solution and Kalin 
and Sharma [62] reported similar results from field collections of Typha latifolia 
growing on abandoned uranium tailings. Strontium uptake in a variety of semiaquatic 
plants shows somewhat higher mobility, with the ratio of foliage:roots ranging from 
10~' to 101 [2]. Aarkrog [67] found that the rate of translocation of strontium from 
leaves to grains of barley was lower than translocation rates for a range of other ele
ments (caesium, cobalt, manganese, antimony, zinc and iron). The extent of radium 
translocation in aquatic vascular plants should thus be less than other alkaline earth 
elements and less than most nutrient elements. 

Gunn and Mistry [28] also found that the rate of translocation of radium from 
roots to shoots decreased with the age of the plants and was considerably increased 
by the presence of ferric EDTA, presumably because of the chelating effect. Organic 
matter and chelating agents have also been shown to increase the mobility of other 
trace metals in soil to plant uptake [68]. 

Basipetal translocation, from the shoots to the roots, is also relevant to aquatic 
plants exposed to contaminated water. Twining [69] found less than 1 % translocation 
from contaminated laminae into uncontaminated parts of the petiole of the water lily 
Nymphaea violacea in a period of seven days. 

The time-scale of radium translocation should depend on a combination of the 
time required for water to flow through the plant and the degree of retardation caused 
by binding to cell materials. Transpiration of tritiated water through terrestrial plants 
has a half-time of about one day [70] and the exchange of free water between algal 
cells and their environment equilibrates within about an hour [71]. The rate of 
radium translocation has not been measured, but the half-time for radium trans
location from roots to foliage of a terrestrial plant was reported by Koul et al. [72] 
to be about 20 days. The rate of translocation is clearly not limited by the rate of 
transpiration. 

8. THE CONTRIBUTION OF WATER AND SEDIMENT TO ROOTED 
MACROPHYTES 

The separate contributions of water and sediment to the mineral nutrition of 
rooted macrophytes have been widely recognized, but there has been little attempt 
to quantify them. This author [25] used a two-source linear model to relate literature 
data on radium concentrations in a variety of macrophytes (Y, Bq/kg fresh weight) 
to the radium concentrations in the supporting water (X[) and sediment (X2) as 
follows: 

Y = 8.56*! + 0.014X2 (11) 
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The mean values for water and sediment in the source data were 0.21 Bq/L and 
94 Bq/kg, respectively, for which the model predicted approximately equal contribu
tions from both sources. The highest concentrations in the source data were 10 Bq/L 
and 1000 Bq/kg and under these conditions the model predicts 86% of the radium 
in the plant to come from water and 14% to come from sediment. Although water 
appears to be the most important source of radium to the plants, there are two qualifi
cations to this conclusion. First, the model is linear, but the relationship between 
plant and sediment radium concentrations was shown in the same work to be non
linear. Second, all of the data used in fitting this model were from polluted habitats 
and water was presumably the original carrier of the pollutant radium, perhaps bias
ing the contribution from water. 

Results from our laboratory [73] on collections of the water lily Nymphaea 
from lagoons in which the sediment contains uranium mineralization and the radium 
concentration is high (300-1200 Bq/kg), but the water is relatively uncontaminated 
(<0.002-0.008 Bq/L) when fitted with the two source model, show that sediment 
is the major natural source of radium to the plant. On the other hand, experiments 
have shown that this species readily takes up radium from contaminated water [69], 
so the relative contributions from water and sediment may depend on the source of 
the pollution. The data reported by Rissanen [49] suggest the dominant role of sedi
ment in supplying radium to the aquatic moss Fontinalis sp. There has been no 
experimental work on radium uptake in rice, a plant of great economic value that 
could be subject to contamination from either source. This author [25] fitted the two-
source model to field data on 226Ra and 228Ra in rice reported by Paul et al. [74], 
but the data were too variable to distinguish between sources. Myttenaere et al. [75] 
studied caesium uptake in rice from contaminated water and sediment and found that 
the soil fed the roots and the water fed the foliage and the contribution from water 
exceeded that from soil by thirtyfold to one hundredfold. 

It is possible that rooted aquatic plants take up radium from whichever medium 
most readily supplies it, as has been suggested for nutrient uptake [76, 77]. 
However, the question clearly needs to be examined further. 

9. ROLE OF PLANTS IN THE AQUATIC ENVIRONMENT 

Among the studies of radium in aquatic plants, only the work of Iskra et al. 
[78] has dealt with the question of the causal role of the plants in the cycling of 
radium in the aquatic ecosystem. Laboratory experiments were carried out over 
20-25 days in 10 L glass containers in which were set up combinations of water 
only, water and sediment, water and plants, and water and plants and sediment. In 
the water-plant and in the water-sediment treatments, there was a similar distribu
tion of radium between the solid and liquid phases. When both plants and soil were 
present there was a larger proportion of radium remaining in the water column than 



502 WILLIAMS 

when either was present alone. The presence of plants appears to have decreased the 
proportion of radium transferred to the sediment. 

This result contrasts with the finding of Yousef and Gloyna [79] that the 
presence of aquatic plants increased the rate of strontium uptake into sediment by 
20% and the rate of caesium uptake by 30% compared with the rate of transfer in 
the absence of plants. Mortimer and Kudo [80] also found that the presence of 
aquatic plants increased the net accumulation of silver in sediment. These latter 
results are also consistent with work carried out on the use of wetlands for the treat
ment of wastewater (e.g. Refs [81, 82]); the wetlands tend to remove trace metals 
from wastewater. None of the works cited here have included macrophyte decompo
sition or the fate of detritus as vectors of trace metals in the aquatic environment. 

Sheppard [83] carried out a model study on the significance of irrigation as a 
pathway for radionuclide contamination of the human food chain and found that long 
term build-up of contamination in soil was the main concern, particularly for the less 
mobile elements. 228Ra was one of the 13 nuclides included in this study and 
appeared to be among the least significant from a health point of view because of 
its relatively greater mobility and its short half-life (5.8 a) compared with the 
assumed time-scale for leaching from the soil (1000 a); 226Ra may be of more 
significance because of its much longer half-life (1600 a). 

No information is available on the role of phytoplankton in the cycling of 
radium within the aquatic environment, but some calculations are possible. Lehman 
and Sandgren [84] found that 75 % of the daily production of algae in two freshwater 
lakes in Washington was lost from the water column by processes other than 
zooplankton grazing and they attributed most of this loss to sinking. The peak 
standing crop was about 7 mg/L. This approximates daily productivity and is 
comparable with other algal production estimates [85]. With a CF of 430, this could 
cause about 0.2% of the radium in the water column to be lost each day to the sedi
ment; in a static water body this would lead to a 10% loss in 50 days and is probably 
insignificant. Emerson and Hesslein [17] found that radium introduced into an 
experimental lake was rapidly taken up by periphyton and was later redistributed as 
the detritus was redistributed. Sediment deposition and resuspension would need to 
be studied in parallel to any study of the role of phytoplankton. Hart [38] claimed 
a key role for sediments in the transport of trace metals in the aquatic environment. 
Radium uptake onto sediments is rapid [86] and achieves distribution ratios in the 
range of 102 to 105 [86-88]. 

10. SUMMARY 

Most of the available literature on radium uptake by aquatic plants has come 
from field collections. The few experiments carried out have been of rudimentary 
design and theoretical analysis has been poor, or entirely lacking. Future research 
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on this topic should therefore concentrate on experiments designed to answer specific 
questions and the results compared with appropriate theoretical models. An obvious 
example is the distinction between surface adsorption and internal absorption, where 
both a practical method of separation and an appropriate kinetic model are required. 
The sensitivity of the adsorbed fraction to the sample preparation technique should 
be kept in mind. Distinguishing the relative contribution of sediment and water to 
radium uptake by macrophytes is another example where careful experimental design 
and an appropriate theoretical model are required. The effect of major ions, organic 
ligands and other water quality parameters, such as pH, on radium uptake has been 
poorly studied and the relationship between radium and calcium, if there is any, 
needs clarification. There appears to have been no attention given to the sites of 
radium accumulation within plant cells; the various crystalline calcium deposits 
should be examined. Finally, the effect of phytoplankton and macrophytes on radium 
interchange between the water column and the sediment should be quantified. This 
will become increasingly important if wetlands are to be used more widely for the 
treatment of wastewater. In some countries it is of immediate relevance to rice 
culture and the long term health of paddy soil and, in Australia's Northern Territory, 
it may determine the impact of uranium mining on extensive wetlands that have high 
conservation value. 
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RADIUM UPTAKE BY FRESHWATER INVERTEBRATES 

R.A. JEFFREE 
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1. INTRODUCTION 

The freshwater invertebrates consist of a variety of diverse phyla, of which few 
have had even a single species investigated with regard to their 226Ra concentrations 
or their modes of 226Ra metabolism. Of the few freshwater invertebrates that have 
been investigated, the Mollusca have figured prominently because of their capacity 
to accumulate 226Ra and their potential value as 226Ra pollution indicators, and their 
inclusion in the human diet. 

2. WHY 226Ra IS TAKEN UP BY FRESHWATER INVERTEBRATES 

The uptake of non-essential 226Ra by organisms is generally interpreted as 
being a case of mistaken identity, i.e. the chemically similar 226Ra is treated meta-
bolically as an analogue of the essential alkaline earth metal calcium [1]. Such expla
nations can be supported by the results of competitive inhibition experiments, in 
which increased concentrations of the essential element inhibit the uptake of its 
hypothesized analogue by comparisons of the patterns of metabolism of the two ele
ments and by studies demonstrating the co-location of the essential element and the 
hypothesized analogue. Investigations of 226Ra metabolism in animals (other than 
freshwater invertebrates) and humans, where various types of competitive inhibition 
studies have been conducted, have indicated that the accumulation of 226Ra can be 
reduced by increased calcium concentrations [2, 3]. Similar patterns of metabolism 
for 226Ra and calcium have been shown for dogs [4], rabbits [5], rats [6, 7], man 
[8] and dairy cows [9]. Moreover, 226Ra distribution studies on animals (other than 
freshwater invertebrates) and man have indicated that it is predominantly located in 
calcium rich tissues [4, 10-13]. 

For the freshwater invertebrates on which these types of studies have been con
ducted, the following findings have been reported. Experimental exposures of the 
freshwater mussel Velesunio angasi to water with elevated 226Ra levels showed that 
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OAYS OF EXPOSURE 

FIG. 1. (a) The patterns of uptake and loss of 226Ra in the tissue of mussels exposed to a 
mean 226Ra water concentration of 0.95 Bq/L for 28 d, followed by 28 d of exposure to 
radium free water at the nominal calcium and magnesium water concentration of 0.5 mg/L. 
(b) Same as (a), except that the mean 226Ra water concentration is 1.33 Bq/L and the nomi
nal calcium and magnesium water concentrations are 5.0 mg/L and 0.5 mg/L, respectively. 
( • : Ra tissue concentration in individual mussels; O : 226Ra water concentration; : 
regression line for uptake (P < 0.05) or loss data; : regression line for combined 
uptake and loss data.) [15]. 
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Fig. 2. Tissue concentration of 226Ra plotted as a junction of calcium tissue concentration 
(•) (r2 = 0.87, P < O.OOl) and age (A) (i2 = 0.64, P < O.OOl) for mussels from Corn-
dorl Billabong. Linear regression of226Ra tissue concentration is against calcium tissue con
centration ( ) and age ( ) [14]. 

an increased calcium level reduced the rate of accumulation of 226Ra in the tissue 
(Figs 1(a) and 1(b), Refs [14, 15]). 

Markose et al. [16] attributed the enhanced uptake of 226Ra in the tissue of the 
freshwater snail Viviparus bengalensis exposed to 226Ra in tailings seepage to the 
lower calcium concentration of the tailings seepage, as compared with individuals 
exposed to tailings pond water with a similar 226Ra concentration. 

Also in V. angasi, the strong positive correlations between calcium and 226Ra 
tissue concentrations among individuals (for example, r2 = 0.87, P < 0.00001, 
Fig. 2) indicates similar patterns of metabolism for the two elements. With regard 
to the relative distributions of 220Ra and calcium in freshwater invertebrates, 
V. angasi shows significant (P < 0.01) positive correlations between the concentra
tions of 226Ra and calcium in the dissected organ and tissue clusters of field col
lected mussels [17]. The freshwater snail Lymnaea stagnate, experimentally 
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exposed to an elevated 226Ra water concentration, mainly accumulated 226Ra in the 
newly formed border of the shell, as it did with 45Ca. Similarly, the freshwater 
snail Viviparus bengalensis had 98% of its 226Ra accumulated in the calcareous 
shell after laboratory exposure to 226Ra contaminated water [18]. 

In summary, the information available strongly indicates that 226Ra is treated 
as a metabolic analogue of calcium in these freshwater invertebrates. 

3. HOW 226Ra IS TAKEN UP BY FRESHWATER INVERTEBRATES 

3.1. Pathways of uptake 

Aquatic organisms may potentially take up essential elements and their ana
logues directly from the aquatic medium and also from food and other ingested 
materials. Although the relative contributions of each pathway to the total uptake of 
226Ra have not been specifically investigated for any freshwater invertebrate, 
several studies provide information on the presence and contributions of these path
ways. The freshwater gastropod Lymnae stagnalis, placed in solutions containing 
1500 Bq (0.04 ^Ci) 226Ra/mL without food, directly absorbed more than 90% of 
the 226Ra present in the aquatic medium after seven days [18]. In experimental 
studies where 226Ra was accumulated by the freshwater mussel V. angasi [15, 19], 
it was potentially able to take 226Ra from both water and food. Water was, 
however, the major compartment for 226Ra, containing 96% of the 226Ra present, 
with the remaining 4% associated with Chlamydomonas algal cells, strongly suggest
ing that most 226Ra was taken directly from the water by V. angasi under these 
experimental conditions. Furthermore, for two experiments where the percentage of 
226Ra associated with Chlamydomonas cells was similar, the rate of uptake of 226Ra 
by V. angasi was proportionally reduced by the increased calcium water concentra
tion. If the Chlamydomonas cells were the major source of 226Ra for V. angasi, 
then the uptake of 226Ra would have been very similar in both experiments. Thus, 
the more conservative interpretation of this result is that most of the 226Ra is taken 
directly from the water by the mussel, with food contributing little of the accumu
lated 226Ra. 

Similar investigations of radium's metabolic model, calcium, provide more 
information on the likely relative importance of these pathways for 226Ra uptake. In 
Lymnaea stagnalis, about 80% of its accumulated calcium was taken directly from 
the water, probably by active uptake [20]. Schoffeneils [21, 22] showed that the 
freshwater bivalve Anodonta cygnea could take up calcium directly from the water. 

In L. stagnalis, calcium, strontium and barium can be accumulated directly 
from the water against an electrochemical concentration gradient, apparently by 
active uptake. Similar results were obtained for 45Ca and 85Sr uptake by the fresh
water molluscs Planorbis corneus and Lymnaea auricularia [23]. 
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DAYS Of EXPOSURE 

FIG. 3. Pattern of 226Ra uptake in the tissue of mussels exposed to a mean 226Ra water con
centration of 1.8Bq/L for 56 d at nominal calcium and magnesium concentrations of 
0.5 mg/L. ( • : 226Ra tissue concentration in individual mussels; • : 226Ra water concentra
tion; : significant (P < 0.05) regression line.) A suggestion of curvilinearity in the pat
tern of uptake is due to the logI0 transformation of the data which was required to 
approximate the homogeneity of variances so that linear regression analysis could be carried 
out [15]. 

3.2. Patterns and rates of uptake and loss 

The freshwater mussel V. angasi accumulates 226Ra in its tissue at a continu
ous rate with a period of exposure to constantly elevated (~ 1-2 Bq/L) 226Ra water 
concentrations, with an increasing variability in the actual (arithmetic) 226Ra tissue 
concentration as the mean tissue concentration increases (see Figs 1(a) and 3). Simi
larly, in field collected mussels, there is a continual, increasing 226Ra tissue concen
tration with the period of exposure (i.e. mussel age) to natural (< 18 mBq/L) 226Ra 
water levels (Fig. 2). These results give no indication that V. angasi has a 226Ra tis
sue concentration that equilibrates with the 226Ra water concentration, i.e. there is 
no evidence for a regulated pool of 226Ra in the tissue of V. angasi. The actual 
experimental rates of uptake are given in Table I. Exposure to radium-free water of 
groups of mussels that had accumulated 226Ra under natural and experimental con
ditions produced no significant loss (P > 0.05) of 226Ra over periods of up to 
286 d [15, 19], indicating a very long biological half-life for 226Ra in the tissue of 
V. angasi. 
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TABLE I. ARITHMETIC QUANTITIES OF Ra-226 ACCUMULATED IN 
MUSSEL TISSUE DURING EXPERIMENTAL EXPOSURE 

Experiment 

No. 

1 

2 

3 

4 

5 

6 

7 

Ra-226 
(Bq/L, 

assayed) 

1.79 

0.95 

1.85 

1.33 

1.14 

1.05 

1.09 

Water concentrations 

Calcium 
(mg/L, 

nominal) 

0.5 

0.5 

0.5 

5.0 

5.0 

0.5 

0.5 

Magnesium 
(mg/L, 

nominal) 

0.5 

0.5 

0.5 

25.0 

0.5 

5.0 

25.0 

Ra-226 
accumulated 

(mBq/g) 
aver 2R Ha 

2760 

4020 

4790 

0 

460 

1940 

560 

The regressions between Ra-226 tissue concentration (not adjusted for background) and 
period of exposure were used to determine the log10 tissue concentration before and after 
experimental exposure (28 d). The log[0 values were then converted to the arithmetic 
values and subtracted to determine the amount taken up during experimental exposure. 
These values are shown in the table (data from Refs [15, 19]). 

The freshwater gastropod Viviparus bengalensis, exposed to tailings seepage 
(226Ra water concentrations not specified) appeared to be approaching an 
equilibrium tissue concentration of 226Ra after 32 h (Fig. 4) [16]. These authors 
also reported that the biological half-life of 226Ra in this species was about 7 h. 

The freshwater crayfish Orconectes virilis, sampled from a small Canadian 
Shield lake after a single addition of 226Ra, showed a rapid (whole body) uptake of 
226Ra (Fig. 5), with increasing variance among individuals in their 226Ra 
concentrations. 

Specimens of Lymnaea stagnate that had previously accumulated 226Ra in 
their body during experimental exposure to an elevated 226Ra water concentration 
for up to 7 d, lost about 1 % of their 226Ra during exposure to uncontaminated water 
for 24 h and 0.5% during the third day of exposure. The death of an animal caused 
a sudden increase in 226Ra lost by the tissue, but the shell retained its accumulated 
226Ra [18]. 
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FIG. 4. Accumulation of radium in the tissue of Viviparus bengalensis (from Ref. [16]). For 

this curvilinear regression, r2 = 0.98 (as computed from values read directly from this 

figure). 
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taken from the Animas River, July, August and September 1958 (from data in Ref [25]). 
r = 0.76; P < 0.001. (1 curie (Ci) = 3.70 x 1010Bq.) 

RELATIONSHIP BETWEEN 226Ra CONCENTRATIONS IN THE 
ENVIRONMENT AND IN ORGANISMS 

The above results show that these freshwater molluscs respond to elevated 
226Ra concentrations by elevating their body burdens of 226Ra, although the patterns 
of the uptake curves may vary. Similarly, collections of aquatic insects from the 
Animas River, USA, composed predominantly of mixtures of Ephemeroptera, 
Plecoptera, Trichoptera and Diptera, increase their total body 226Ra concentration 
with increasing 226Ra water concentration (Fig. 6) [25]. However, similar investi
gations by Martin et al. [26] in the San Miguel-Dolores River system showed that 
while the mean 226Ra content of water and sediment decreased with increasing dis
tance below the uranium plant, the levels in aquatic insects, as well as in algae and 
fish, tend to increase. The authors explained this effect in the following manner. The 
sampling sites immediately below the uranium mill, where 226Ra environmental 
concentrations were highest, were 'faunally impoverished' owing to elevated con
centrations of other pollutants and their fauna were either recent arrivals or newly 
developed individuals that had not attained their potential 226Ra concentration 
before sampling. 
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Justin [27] reported that Porifora (Spongilla lacustris), Mollusca (Lymnea 
stagnalis, Planorbis corneus) and Caddis fly larvae (Hydropsyche sp.) collected 
from localities in Czechoslovakia and unpolluted with 226Ra from mine effluent, 
contained a maximum 226Ra concentration of ~ 4 mBq/g ash. 

5. FACTORS THAT AFFECT 226Ra METABOLISM 

The factors of age, diet, nutritional status, levels of other alkaline earth metals 
and sex have been shown to alter the metabolism and levels of 226Ra in vertebrates 
[2, 3, 28, 29]. The following factors have been reported to affect 226Ra metabolism 
in freshwater invertebrates. 

FIG. 7. The rate of accumulation of Raby the tissue ofV. angasi as a function ofthe cal
cium and magnesium water concentrations. • : Experimentally determined rate of accumula
tion of Rafor each combination of nominal calcium and magnesium water concentrations. 
The length of the vertical line is a measure of the rate of accumulation of 226Ra [15]. 
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In the freshwater mussel V. angasi, the uptake of 226Ra into the tissue under 
experimentally elevated 226Ra water concentrations is reduced by increased calcium 
and magnesium water concentrations, both in combination and singly (Figs 1 and 7 
and Table I). Similarly, Markose et al. [16] reported that increased calcium water 
levels reduced the uptake of 226Ra by the freshwater gastropod Viviparus bengalen-
sis. The experimental data for V. angasi were consistent with 226Ra accumulation, 
being inversely proportional to both calcium and magnesium water concentrations; 
for calcium the constant of proportionality, i.e. 

Ra = 
[Ca] 

is unity and for Mg it is about 0.1. 
These results indicate competitive inhibition of the uptake of 226Ra by cal

cium, i.e. the mussel treated 226Ra as a metabolic analogue of calcium. There are, 
however, other possible interpretations of this result that need not invoke competitive 
inhibition. For magnesium these results suggested some other mechanism(s) apart 
from, or in addition to, competitive inhibition of 226Ra by magnesium [14, 15, 19]. 
These studies also discovered that smaller mussels, exposed to elevated 226Ra water 
concentrations and natural, low calcium and magnesium water concentrations 
(0.5 mg/L), accumulated 226Ra at a significantly higher rate (Bq • g"1 (dry 
weight) • d"1) than larger mussels. However, the effect explained little of the vari
ance in 226Ra tissue concentrations among individual mussels and was not signifi
cant in all experiments. 

6. DISTRIBUTION OF 226Ra IN THE BODY 

6.1. Components of the body 

Table II gives the mean concentrations of 226Ra in dissected organ and tissue 
clusters of the freshwater mussel V. angasi for three separate field collected 
individuals. The concentrations vary by more than an order of magnitude between 
the separate tissues. The 226Ra concentrations are significantly (P ~ 0.05) and 
positively correlated with the calcium, magnesium and barium concentrations. Simi
lar amounts of 226Ra are found in both the total tissue and shell in V. angasi 
collected in the field [30]. 

In L. stagnalis accumulating 226Ra under experimental conditions, 226Ra is 
concentrated in the newly formed border of the shell and the preformed shell to a 
greater extent than in the soft tissue [ 18]. Similarly, in Viviparus bengalensis that has 
accumulated radium under laboratory conditions, the concentrations of radium are 
much higher in the shell than in the flesh [16]. 
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TABLE II. CONCENTRATIONS OF Ra-226 AND OTHER ALKALINE EARTH 
METALS IN DISSECTED COMPONENTS OF V. angasi 

Concentrations of Ra-226, barium, calcium and magnesium for dissected organ and 
tissue clusters 

Organ/tissue Tissue concentration (Bq/g and mg/g dry weight) 
cluster 

Ra-226 Ba Ca Mg 

Outer gills 

Inner gills 

Palps 

Visceral mass 

Kidney and heart 

Mantle 

Foot 

Adductor muscle 

1.39 

1.01 

1.01 

2.43 

0.18 

0.80 

0.20 

0.07 

5.31 

5.27 

4.73 

11.90 

0.62 

3.69 

0.81 

0.31 

45.20 

45.79 

25.53 

69.97 

5.60 

21.03 

5.44 

4.76 

2.05 

2.10 

1.34 

2.64 

0.84 

1.44 

1.12 

0.87 

Correlations between the concentrations of Ra and other alkaline earths in 
dissected organ and tissue clusters 

Mussel No. Ca Ba Mg N 

1 0.88b 0.99c 0.76a 8 

2 0.93c 0.90b 0.89b 8 

3 0.96c 0.999c 0.95c 7 

Pooled data 0.93c 0.97c 0.90c 23 

a P < 0.05; 
b P < 0.01; 
c P < 0.001; 

Based on mean values for three field collected individual mussels [17]. 
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FIG. 8. Histological section showing (a) granular deposits (G) and gonad (F), and (b) alpha 
tracks (in focus) in CR-39 that overlays the histological section [17]. 

Justyn [27] reported that for the Cladoceran Daphnia sp., experimentally 
exposed for 48 h to uranium mine effluents contaminated with 226Ra, nearly 17% 
of the total accumulated was incorporated in the shell. Further experimental 
exposures over 72 h in mine water resulted in an average of 30% of the total 226Ra 
accumulated by Daphnia being associated with their shed shells. 

6.2. Histological distribution 

Further studies on the histological location of 226Ra in the tissue of V. angasi 
[17, 31], using the CR-39 alpha track recorder, have shown that 226Ra and other 
alpha emitters are predominantly located in granular deposits. Figure 8 shows the 
high concentrations of alpha tracks associated with granular deposits and much lower 
concentrations associated with other tissues. A lower, but significant (P < 0.05), 
density of alpha tracks is associated with gill support structures [31]. Scanning elec
tron microscopy and electron microprobe analysis showed mat these granules are 
roughly spherical in shape, with a diameter of about 1 urn, and contain an abundance 
of calcium and phosphorus, with magnesium, barium, manganese, iron and 
aluminium also present (Fig. 9). 
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( a ) 

( b ) 

FIG. 9. (a) A scanning electron micrograph of extracted granules and (b) a spectrum of ele
ments in extracted granules (silicon, sulphur and chlorine present in this spectrum are 
artefacts caused by use of adhesive tape) [17]. 
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FIG. 10. A transverse histological section taken from the anterior third of the body of 
V. angasi and stained for calcium (dark areas) with alizarin red S. The calcium is located 
predominantly in the granular deposits (G) that are dispersed throughout the visceral mass 
(V) and are particularly abundant in the labial palps (P). The mantle (M) only contains large 
deposits of granules within its edge region. The muscular foot (F) has very few granular 
deposits. Calcium is also located in the gill support material (S) [17]. 
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The widely varying concentrations of 226Ra and other alkaline earth metals in 
the dissected components of the body (Table II) are mainly explained by the 
heterogeneous distribution of the granular deposits. Tissues with high concentrations 
of granules, such as the visceral mass and palps, contained large amounts of 226Ra, 
but very low granule concentrations in tissues, such as the foot, contained low levels 
of 226Ra (Fig. 10). 

7. MECHANISMS AND CAPACITY FOR ACCUMULATION OF 226Ra 

Questions regarding the mechanism and capacity for accumulation of 226Ra 
have only been addressed for one freshwater invertebrate, i.e. the freshwater mussel 
V. angasi. 

All of the results from studies conducted on V. angasi have confirmed the 
notion that calcium is the model for radium's metabolism by the mussel. The mussel 
takes up 226Ra and stores it in the granular deposits as an analogue of calcium. The 
mussel's ability to naturally accumulate 226Ra to high concentrations, i.e. to 
~3.4 Bq/g dry weight [32], is due to a number of factors that are outlined below: 

(a) The mussel accumulates 226Ra in granules in a form (as a phosphate) that is 
relatively metabolically inert [17]. 

(b) The mussel has the capacity to produce and store high densities of granules 
containing 226Ra within its tissue, as seen in Fig. 10. 

(c) The store of granules per unit tissue tends to increase as the mussel increases 
in size and age [19]. The continual formation and retention within the tissue 
during the life of the mussel represents an expanding and active metabolic sink 
for 226Ra that allows it to be continually accumulated and retained throughout 
the mussel's life. 

(d) Given this pattern of continual accumulation, the relatively long lifespan 
(~25 a, Fig. 10) of the mussel contributes to its ability to accumulate such 
high 226Ra concentrations. 

(e) Experimental studies demonstrated that it is the ratio of the water concentra
tions of 226Ra to calcium and, to a lesser extent magnesium, that determines 
the rate of accumulation of 226Ra by V. angasi (Figs 1 and 7 and Table I). 
Consequently, the low calcium (and magnesium) concentrations (—0.5 mg/L) 
of the water from which V. angasi were taken, i.e. Magela Creek, Alligator 
Rivers region, Northern Territory, Australia, result in a higher ratio of 225Ra 
to calcium in water, enhancing its accumulation of 226Ra [14]. 

Hesslein and Slavicek [24] similarly concluded that freshwater crayfish and 
other biota of Canadian Shield lakes have a high capacity for 226Ra uptake from the 
mining of uranium deposits because the uptake of calcium and 226Ra is primarily 
from water and the calcium water concentrations are characteristically low in these 
lakes. 
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A further explanation of V. angasi 's ability to accumulate so much 226Ra and 
calcium requires consideration of the function of the granules. Ch'ng-Tan [33] con
cluded from her studies of granules in Velesunio ambiguus, with respect to its renal 
and excretory physiology, that they were probably not associated with drought adap
tation, but were only a coincidental physiological characteristic of the subfamily 
Velesunioninae to which V. ambiguus belongs; i.e. her studies did not reveal a func
tion for granules. 

Studies on the function of granules in other freshwater mussels have empha
sized that they play a role in the mussel's calcium metabolism [34] and they provide 
a source of exchangeable calcium used for shell construction [35-37]. 

In V. angasi, the granular deposits may, as a result of two possible mechan
isms that are not necessarily mutually exclusive, simultaneously provide calcium for 
shell building and to immobilize 226Ra. This is suggested by the following pattern 
of accumulation of 226Ra and calcium. 226Ra tissue concentrations significantly 
(P < 0.01) increase with size and age in three investigated populations of V. angasi 
(Fig. 11). Calcium tissue concentrations significantly (P < 0.05) increase with both 
size and age for two of these populations. Furthermore, 226Ra increases in concen
tration at a greater rate than calcium for mussels from each of these populations 
(Fig. 11). 

Because there is greater apparent discrimination against 226Ra than calcium 
across the mantle compared with the tissue of V. angasi, as indicated by the lower 
Ra:Ca ratio in the shell [38], 226Ra may be selectively retained in the body fluids 
and returned to the granular deposits. 226Ra may also be retained more selectively 
than calcium in the granular deposits as they exchange with the body fluids owing 
to the lower solubility of radium phosphate [17]. 

Depending on the actual solubility of the particular calcium and 226Ra phos
phates or phosphate complexes that occur in the granules, 226Ra may be retained in 
the granules, whereas the more soluble calcium may be remobilized into the body 
fluids [17]. 
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Czechoslovakia 

1. INTRODUCTION 

When studying the radium content in freshwater vertebrates, the greatest atten
tion is devoted to fish as the principal link of the food chain by which water-borne 
contamination can reach man directly and, in this way, affect the radiological 
exposure of the population. 

Radium, as a natural radionuclide, is present in water in various concentra
tions. These concentrations have been investigated both in regions with a natural 
occurrence of radium and in places where activities by man result in water pollution, 
for example, mineral mining and the processing of wastes. These places are mainly 
in regions where uranium ore is mined and treated, such as in Australia, Canada, 
Czechoslovakia, France, India, Japan, the United States of America, Yugoslavia and 
elsewhere. Most attention is focused on problems concerning 226Ra; studies dealing 
with the accumulation of 228Ra are rare and have usually only been carried out 
where the nuclides of the thorium decay series are being investigated, e.g. in 
India [1]. 

The 226Ra content in fish living in uncontaminated surface water usually 
amounts to from thousandths to hundredths of Ba/g dry weight, or hundredths to 
units of Bq/kg wet weight. In surface water affected by uranium milling, the 226Ra 
content in fish increases up to units of Bq/kg wet weight and to tens (and even up 
to more than one hundred) Bq/kg dry weight, mainly in fish muscles [2-18]. 

The radium concentration in fish must be evaluated from a number of aspects: 
physicochemical, the forms of its occurrence and the presence and forms of other 
chemical substances in water, such as calcium and barium, the pH, alkalinity, 
acidity, etc. Biological aspects are discussed in the following section. 

529 
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2. METABOLISM AND RADIUM UPTAKE BY FISH 

The uptake and bioconcentration of radium or other non-nutritional elements 
by fish or other aquatic animals usually takes place in two ways: 

(a) Direct uptake from the water (penetration of the element through the skin or 
gills during water filtration); 

(b) Uptake from food (ingestion, uptake of food and water, distribution through 
the digestive duct). 

For both mechanisms a general relation has been defined by various 
researchers [19-21]. 

On the basis of published data and both field and laboratory experiments, 
Williams [18] calculated the 226Ra accumulation in fish (Q) in relation to its concen
tration in water (Q, and from this determined the concentration factor (CF), as 
illustrated in Fig.l [22-24]. The line of best fit was: 

Q = 12C066 

for which 

r = 0.72 (where r = correlation coefficient) 

and 

P < 0.001 

Since CF = QIC, CF = 12C~034. This relation varied from 126 at 
C = 0.001 Bq/L in water, to 12 at a radium concentration of 1 Bq/L. From these 
results, Williams [18] found that the relationship between the 226Ra concentration in 
fish and the radium concentration in water was significantly non-linear. 

These concentration processes are expressed by most authors as the cumulation 
factor, Q, which represents a comparison of the radium content in organisms with 
its concentration in water under identical weight conditions (kg of organism weight: 
1 L of water). However, this type of expression also has a number of inaccuracies 
and deviations. The fish mass is sometimes expressed in kg fresh weight (often only 
of single tissues, usually muscles), though in other cases kg dry weight, or ash 
weight is used since for the analyses killed fish samples, and sometimes even fixed 
samples, are used. Even the radium concentration in water is not always expressed 
identically. Mostly, only the content of the dissolved 226Ra forms are given, i.e. 
after filtration of the water sample through membrane filters with a porosity of 
0.45 [im. However, as many papers have shown (e.g. Refs [23, 25-27] and others), 
the greater part of the 226Ra present in water polluted by uranium milling is in 
undissolved form. 
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The CF value depends on a number of conditions, of which the most important, 
from the biological aspect, are: 

(i) Fish species 
(ii) Fish age and metabolism rate 

(iii) Duration of exposure to radium 
(iv) Presence of other competing elements in the fish diet 
(v) Metabolic characteristics and radium deposits in the fish body. 

2.1. Differences among fish species 

The species of fish has an effect on the extent of concentration and radium 
uptake from contaminated water. This is well demonstrated by the results of studies 
by Czechoslovak authors [5, 9, 12, 28]. In the course of a decade the radium content 
in fish from several reservoirs in the region of northern Bohemia, where uranium 
milling operations are conducted, has been investigated. The fish stock consisted of 

100 
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0.01 

y/ - o. 
o ' '' 9, 

,8' 

0.001 0.01 0.1 1 

226Ra in water (Bq/L) 

FIG. 1. Relationship between the radium concentration in fish flesh and in the surrounding 
water, o: Refs [1-4, 8, 12-15, 22-24]; •: Refs [6, 7]. For the regression, N = 108, 
X = -1.627, Y = 0.01, Sb = 0.062, r = 0.719and P < 0.001. The dashed line represents 
the linear Junction (from Ref. [18]). 
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TABLE I. RADIUM ACCUMULATION IN DIFFERENT FISH SPECIES 
(WHOLE BODY) 

Species 

Anguilla anguilla L. 

Esox lucius L. 

Gobio gobio L. 

Leuciscus cephalus L. 

Perca fluviatilis L. 

Rutilus nttilus L. 

Salmo trutta m. fario L. 

Thymallus thymallus L. 

Anguilla anguilla L. 

Esox Lucius L. 

Gobio gobio L. 

Nemachilus barbatus L. 

Perca fluviatilis L. 

Salmo trutta m. fario L. 

Thymallus thymallus L. 

Carassius carassius L. 

Coregonus lavaretus 
maraena Bloch 

Cyprinus carpio L. 

Esox /«d«5 L. 

Perca fluviatilis L. 

Ra-226 
in water 
(Bq/L) 

0.19 

0.19 

0.19 

0.19 

0.19 

0.19 

0.01-0.19 

0.19 

0.38 

0.38 

0.38 

0.38 

0.38 

0.01 

0.38 

Q.01 

0.1 

0.1 
0.04 

0.1 
0.04 

0.1 
0.04 

Ra-226 
in fish 
(Bq/kg 

wet weight) 

5.6-10.0 

3.7 

6.0-8.5 

4.5-11.0 

13.3-28.2 

7.0-28.5 

3.0-42.2 

3.0-12.2 

10.0-12.6 

24.3 

38.2 

23.3 

3.6-28.2 

0.32-0.9 

7.4 

70 

5 

35 
20 

20 
5 

25 
26 

Concentration 
factor 

((Bq/kg)/(Bq/L)) 

29-53 

19 

32-45 

24-58 

70-148 

37-150 

37-300 

16-64 

31-39 

75 

127 

78 

12-94 

32-90 

2.3 

700 

50 

350 
500 

200 
125 

250 
650 

Reference 

[9] 

[12] 

[28] 
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TABLE I. (cont.) 

Species 

Rutilus rutilus L. 

Salmo trutta m. fario L. 

Tinea tinea L. 

Salmo trutta m. fario L. 

Ra-226 
in water 
(Bq/L) 

0.1 
0.04 

0.01 

0.1 
0.04 

0.30-3.7 

Ra-226 
in fish 
(Bq/kg 

wet weight) 

43 
24 

20 

47 
10 

0.74-1.7 

Concentration 
factor 

((Bq/kg)/(Bq/L)) 

430 
600 

200 

430 
250 

42-137 

Reference 

[24] 

five to eight natural species, as well as cultivated fish. Fish farming water reservoirs 
(ponds and recreational reservoirs) were investigated in two year cycles, the fish 
stock added being up to one year old. The breeding fish species included Cyprinus 
carpio L., Salmo trutta m. fario L., Rutilus rutilus L., Esox lucius L., Tinea tinea 
L. and Coregonus lavaretus maraena Bloch. The results are given in Table I. In this 
table, the CFs comparing the 226Ra content in water and in the fish body were cal
culated from the different published data, the results being related to the wet weight 
of the fish (using the homogenizate of the whole body). The lowest radium content, 
and thus also the lowest CF, was found in the species Coregonus lavaretus maraena 
Bloch, living in the water column and feeding mainly on plankton organisms. Lower 
radium contents were also found for Gobio gobio L., Leuciscus cephalus L., 
Thymallus thymallus L. and Anguilla anguilla L. The highest radium uptake was 
observed in benthophages and phytophages, mainly in tinea tinea L., Cyprinus car
pio L., Rutilus rutilus L., Carassius carassius L., etc. (see Tables I and II). In preda
tory fish species, the CF was higher in Salmo trutta m. fario L. than in Esox 
lucius L. These differences are evidently due to, among other factors, the way of 
life, type of food, rate of metabolism, growth and sexual maturity. 

It is interesting to analyse the radium distribution in the whole of the inves
tigated contaminated reservoir and to compare it wim the radium content of the fish 
stock [12]. The total 226Ra content in the reservoir was estimated to be 4.87 GBq, 
83.75% being bound to bottom sediments, 14.1% found in aquatic plants, 1.33% 
dissolved in the water, 0.82% bound on suspended solids in the water column and 
only 0.004% found in the fish biomass. 



TABLE II. EFFECT OF AGE AND TIME OF EXPOSURE ON Ra-226 INTAKE BY FISH [12] 

Fish species 
Age 

(year(s)) 
Time of 
exposure 

(month(s)) Wet weight 
(Bq/kg) 

Ra-226 

Dry weight 
(Bq/kg) 

Ash weight 
(Bq/kg) 

Stocking fry 

Cyprinus carpio L. 

Cyprinus carpio L. 

Tinea tinea L. 

Pond Fishing 

Cyprinus carpio L. 

Cyprinus carpio L. 

Tinea tinea L. 

1 

2 

2 

2 

3 

3 

0.11 

0.11 

0.11 

0.8 

0.8 

0.8 

4.0 

4.0 

4.0 

H 
z 

< 
f 

10.0 

6.19 

4.44 

50.0 

24.0 

20.0 

330.0 

160.0 

140.0 
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2.2. Effect of fish age 

The effect of fish age and the metabolism rate on radium accumulation have 
been described by the first author of this paper and co-workers [28], who demon
strated in field experiments the dependence of 226Ra uptake on the rate of 
metabolism in the fish species Rutilus rutilus L., which represent part of the fish 
stock in the Horka and Hamr reservoirs situated in northern Bohemia. The annual 
gains of a number of three-year old roach were exceptionally high and reached up 
to 400 g. In others of the same fish species, the weight gains were normally in the 
range of 80-90 g for the same age group. In connection with the exceptionally rapid 
growth, a nearly double 226Ra content was found in the roach mentioned, com
pared with the same type of fish exhibiting normal weight gains. The 226Ra volume 
activity in fish also increased more rapidly with rising water temperature. Higher 
226Ra concentrations in fish were observed in the summer months than in the 
winter, which is related to the intensity of food uptake [28]. In field tests with stocks 
of one and two year old carp, Cyprinus carpio L., this author (Justyn) and co
workers [12] demonstrated that the radium uptake in younger fish was almost twice 
as high as in older ones (Table II). 

Similarly, Peckurenkov [29], who studied mainly radioactive strontium, which 
is chemically and biologically closely related to radium, pointed out the relationship 
between the metabolism rate and the rate of radionuclide accumulation in fish. 

2.3. Duration of exposure 

The effect of 226Ra exposure in water on the radium concentration found in 
the fish body is shown in Table II. After six months of exposure of the species Cypri
nus carpio L. and Tinea tinea L., the radium content increased by one or two orders, 
the concentrated radium being released only very slowly. Lucas et al. [30] studied 
experimentally the excretion of 226Ra that had been injected into fish of the species 
Lepomis macrochirus (bluegill). The retention value is expressed by the equation 

R = (0.8 + 0 .1) r (° 1 5 ± 0 0 2 > 

(with t in days), 17.4% of the injected 226Ra (7.2 kBq per fish) being excreted the 
first day, 2.6% the second day, 1.1% the third day and approximately 0.5% during 
the remaining days up to the eighth day of the test. The retention values correspond 
to the biological half-times of the uptake of some other toxic metals present in the 
diet, as reported by Stary et al. [20]. 

2.4. Calcium-strontium-barium 

Radium is chemically and biologically most closely related to calcium and bar
ium. A number of authors have thus studied the radium-calcium relationship in the 
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TABLE III. Ra-226 AND CALCIUM CONCENTRATIONS IN LAKE WATER 
AND FISH (Perca fluviatilis L.) 

Area/sample 

Lake Maggiore 

Water 

Fish 

Lake Varese 

Water 

Fish 

Lake Comatnbbio 

Water 

Fish 

Lake Monate 

Water 

Fish 

Bq/L 

Arithmetic 
mean 

0.000 52 

0.118 

0.000 74 

0.0518 

0.000 56 

0.0777 

0.000 52 

0.0666 

Ra-226 concentration 

or Bq/kg wet 

Range 

(0.000 19-0.000 74) 

(0.107-0.129) 

(0.0007-0.000 78) 

(0.0481-0.0518) 

(0.000 52-0.000 56) 

(0.0629-0.0888) 

(0.000 44-0.000 89) 

(0.0362-0.0814) 

Bq/g Caa 

0.027 

0.0085 

0.0226 

0.0037 

0.0218 

0.0052 

0.0518 

0.0044 

Concentration 
factor 

((Bq/kg)/(Bq/L)) 

228 

70 

139 

128 

Calcium concentrations are derived average concentrations of a number of samples ana
lysed by the authors. 

environment and in fish. For example, de Bortoli and Gaglione [4] reported 226Ra 
concentrations in relation to barium in perch {Perca fluviatilis L.) from a dam lake 
in Italy (Table III). Radium, like calcium and barium, settles mainly in the bones. 
Its uptake occurs even in the presence of calcium and barium concentrations that are 
several times higher in the medium [31]. De Bortoli and Gaglione [4] tried to find 
a relation between the content of calcium in fish and water and Gaglione et al. [32] 
did the same for ^Sr, both using the 'observed ratio' (OR): 

OR 
Bq 22bRa/g Ca in fish 

Bq 226Ra/g Ca in water 
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This ratio was applied in the study of four lakes in Italy, values of 0.09-0.31 (aver
age 0.20) being found. The correlation coefficient was 0.998, with a probability level 
of X = 0.05. It was found that the calcium concentration affects the CF of radium 
as follows: 

CF = 460- 1183c 

(c = calcium concentration in mg/L). A similar ratio was found for the strontium 
concentration: 

CF = 347 - 7.33c 

(c = strontium concentration in mg/L). More detailed relations are shown in Fig. 2. 
If radium were to be accumulated as calcium, then the OR should be equal to 

1. However, if animals and plants are able to distinguish radium from calcium, the 
OR must be less than unity. It was found that the majority of aquatic organisms had 
ratios of less than unity, which leads to the conclusion that animal and plant cells 
are capable of distinguishing radium from calcium. This is logical, since calcium is 
a major nutrient, as will be shown in the next section, and radium is distributed in 
animal bodies in a manner similar to calcium. That means that radium is probably 
taken up in the same way by the organisms, but a discrimination factor exists for 
the excretion of radium from the organism acting with an efficiency of 50-90%. 
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water [4]. 



538 JUSTIN and HAVLfK 

TABLE IV. Ra-226 CONCENTRATION IN DIFFERENT FISH ORGANS 

Species 

Clupea longiceps 

Etropius sp. 

Ophiodephalus gachua 

Catla catla 

Labeo rohita 

Ophiocephalus sp. 

Clupea longiceps 

Etropius sp. 

Cyprinus carpio L. 

Cyprinus carpio L. 

Organ 

Flesh 

Bone 

Flesh 

Bone 

Flesh 

Bone 

Flesh 

Bone 

Flesh 

Bone 

Flesh 

Bone 

Flesh 

Bone 

Flesh 

Bone 

Scales 

Skin 

Fins 

Head 

Flesh 

Viscera 

Spleen 

Milt 

Scales 

Skin 

Flesh 

Bone 

Ra-226 

Bq/kg 
fresh 
weight 

0.37 

0.89 

0.15-0.24 

4.2-8.5 

<0.07 

0.7 

0.2 

12.95 

0.02-0.03 

0.55-0.56 

0.074 

0.703 

0.37 

0.89 

0.15-0.24 

4.26-8.54 

in fish 

Bq/g 
dry 

weight 

0.04 

0.01 

0.02 

0.02 

0.03 

0.01 

0.002 

0.001 

0.012-0.014 

0.009-0.01 

0.003-0.005 

0.010-0.012 

Reference 

[1] 

[33] 

[28] 

[5] 
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TABLE V. Ra-226 DISTRIBUTION IN FISH [12] 

539 

Fish species 

Cyprinus carpio L. 

Cyprinus carpio L. 

Parts 

Flesh 

Viscera 

Scales 

Bone 

Flesh 

Viscera 

Scales 

Bone 

Ra-226 
in water 
(Bq/L) 

0.38 

0.38 

0.38 

0.38 

0.1 

0.1 

0.1 

0.1 

Ra-226 

Wet 
weight 

1.40 

1.41 

7.00 

17.8 

0.28 

0.20 

1.29 

3.93 

(Bq/kg) 

Dry 
weight 

40.0 

10.0 

20.0 

30.0 

0.7 

0.7 

0.3 

7.0 

Ash 

70.0 

90.0 

80.0 

70.0 

10.0 

10.0 

10.0 

20.0 

2.5. Radium distribution in fish bodies 

As demonstrated by radiochemical and autoradiographical analyses of different 
parts of fish bodies, the 226Ra content in muscles is generally lower than in the 
bones, scales or gut. (Tables IV, Ref. [33], and V). Anderson et al. [2] report that 
the radium CF for fish skeletons varies around 100, while for flesh it is around 3. 
The highest radium concentrations were found in fish stomachs. Fourcade et al. [15] 
reported that in the mountainous part of the catchment basin of the Loire River in 
France, which is affected by uranium milling operations, 226Ra concentrations in 
trout bones were 13.5 Bq/kg and only 0.7 Bq/kg wet in their muscles. However, the 
total mean 226Ra concentration in trout in the affected stream was 31.9 and in the 
unaffected stream was 0.48 Bq/kg wet. This was due to the fact that the highest 
volume activity of 225Ra in the affected stream was accumulated in the gut of these 
fish (up to 170 Bq/kg wet weight), which can be explained by the presence of a large 
quantity of small gravel strongly contaminated by radium. 

On the basis of analyses of the different parts of the fish species Ophiocephalus 
sp. [33], it was found that under normal conditions the radium content in fish mus
cles varies from 2.6 to 7.9 Bq/kg wet weight and in bones from 20.6 to 39.8 Bq/kg 
wet weight. However, the ratio between the radium content in bones and in muscles 
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TABLE VI. Ra-226 DISTRIBUTION IN THE FISH SPECIES 
Ophiocephalus [33] 

Catch No. 

1 

2 

3 

4 

5 

6 

Ra-226 concentration 
(Bq/kg wet) 

Muscle 

2.59 

6.0 

5.59 

7.92 

7.51 

5.55 

Bone 

20.6 

36.2 

33.9 

39.8 

37.8 

34.1 

Ratio 
Ra-226 in bone 

Ra-226 in muscle 

7.9 

6.0 

6.1 

5.0 

5.0 

6.1 

Concentration 
factor3 

Muscle 

5 

11 

11 

15 

15 

11 

Bone 

40 

70 

65 

77 

72 

66 

Ra-226 analyses of stream water have given an average concentration of 0.518 Bq/L, on 
the basis of which the CFs have been derived. The units of the CF are (Bq/kg wet 
weight)/(Bq/L water). 

was mostly constant in different fish and varied from 5.0 to 6.1. Similarly, the CFs 
were close, from 5 to 15 in muscles and from 40 to 77 in bones (Table VI). Consider
able differences between the 226Ra concentrations in the different parts of fish are 
evident when expressing the radium content in relation to the wet fish weight (see 
Table IV). However, when another way of expressing the radium content is used, 
e.g. in relation to the dry or ash weight, the differences are negligible, as was shown 
by this author (Justyn) and co-workers [12] (Table V). For the conversion of live 
weight to ash, the majority of authors use the data of Anderson et al. [2], showing 
that the ashes of fish amount to 2.5% of muscle wet weight and 12% of bone wet 
weight. 

The rate of uptake of radium in fish bones and scales was studied by Lucas 
et al. [30]. From the published microradiographs and autoradiograms, it is evident 
that radium first deposits in the bone and scale surface. Within eight days of uptake 
by the injection method, radium was found mostly on the non-growing parts of the 
bones. After 243 days of radium ingestion, this radionuclide was dispersed by diffu
sion in the whole bone. Higher concentrations were more evident on the ends of the 
rib bones and central and back projections of the vertebrae. The distribution of 
radium in the scales after 243 days was almost homogeneous. 
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Chapter 5-6 

BIOLOGICAL UPTAKE OF RADIUM 
BY TERRESTRIAL PLANTS* 

S.L. SIMON**, S.A. IBRAHIM 
Department of Radiology and Radiation Biology, 

Colorado State University, 
Fort Collins, Colorado, 

United States of America 

1. INTRODUCTION 

This review is a comprehensive survey of the literature pertaining to radium 
uptake in terrestrial plants. Most of the available literature incorporates a number 
of French and Russian translated papers. In some subject areas, the information 
required to understand plant and soil processes for radium was limited. In these 
areas, relevant information was sometimes inferred from data on the alkaline earth 
group and other elements which may function as nutrients. 

Our approach was to highlight the reference materials, as related to each 
subject area, with our own personal comments. Specific emphasis is given to the 
following subjects: (1) the extent of radium contamination in plants from natural and 
man generated sources under variable environmental conditions; (2) mean value 
estimators for concentrations and concentration ratios (CRs); (3) availability of 
radium from soil for plant uptake; (4) distribution of radium within plant tissues; 
(5) chemical forms of radium in plants; (6) foliar contamination, retention and loss 
of radium from plants; and (7) the relationship of plant and soil concentrations and 
a discussion of the CR concept. Finally, we discuss new information brought to light 
from this review, our recommendations to improve data reporting and those areas 
which we feel may require further investigations. 

2. EXTENT OF CONTAMINATION 

Measurements of radium concentrations in plants and substrates from the 
literature have been reviewed and are summarized in Tables I-IV [1-47]. The infor-

* Research supported by the United States Department of Energy under Contract 
No. DE-AC02-79EV10305 with Colorado State University. 

** Present address: Department of Environmental Science and Engineering, School of 
Public Health, University of North Carolina, Chapel Hill, NC 27514, United States of 
America. 
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mation concerning the extent of contamination is discussed under four major groups: 
(1) in natural environments under normal conditions; (2) in regions with naturally 
high radioactivity; (3) from laboratory, greenhouse and field studies; and (4) at 
uranium mill tailings sites. Although radium levels in the environment may be 
enhanced by technological activities, such as phosphate mining and the combustion 
of coal, no data on plant uptake as a result of these sources were found. Most of the 
data in the literature pertain to 226Ra (a member of the uranium series), while little 
were available for 228Ra and 224Ra (present in the thorium series). 

Section 3 contains information on data treatment and specific calculations 
which were used to compute the mean values reported in the tables. For a compari
son of some of the concentration values, conversion between fresh, ash and dry 
weight may be necessary. The ash and water contents of various plants were reported 
by Turner et al. [4] and Ng et al. [48], respectively. The ash and water contents for 
some plants were also provided by Spector [49]. 

2.1. Radium in plants in natural environments 

The world average activity concentration of 226Ra in soil is 0.03 Bq/g [11] 
and typical levels in most components of the diet range from 0.004 to 0.2 Bq/g [50]. 
The concentration of radium found in edible crop plants growing in normal soil at 
several locations in the world are listed in Table I. The wide range of concentrations 
in different plant species is most likely due to the variability in environmental and 
soil conditions. 

The plant exhibiting the highest measured accumulation of radioactivity is the 
Brazil nut tree. The high 226Ra content of the Brazil nut was first reported by 
Turner et al. [4]. Mercer et al. [51] reported total alpha activity of 0.3-16.0 Bq/g 
in the pericarp, 0.9-110 Bq/g in the endosperm and 0.3-1.2 Bq/g in the leaves of 
Brazil nut plants from Guyana. They inferred that the major long lived alpha emitting 
nuclide present in Brazil nut trees was 226Ra. The soil concentration in this area 
averaged 0.9 Bq/g of total alpha activity, though the contribution from 226Ra would 
be a fraction of this value. Penna Franca et al. [5] analysed 226Ra and 228Ra levels 
in Brazil nuts from the Amazon Valley, which apparently does not have significantly 
elevated soil levels. They found concentrations in the nut ranging from 30 to 
52 Bq/kg. They also determined that the tree has a high capacity for absorbing 
barium and that a positive correlation exists between radium and barium in the nut 
and in different parts of the tree. The studies by Turner et al. and Penna Franca 
et al. suggested that the high radium content of the Brazil nut was due to barium 
functioning as a carrier for radium. High concentrations of radium found in leaves 
and Brazil nuts (up to 240 Bq 226Ra/kg) were also reported by Smith [52]. The 
formation of organic complexes within die plant, which may increase the mobility 
of the heavier alkaline earth ions, was suggested as a possible explanation for the 
abnormally high concentrations of radium and barium in the fruit. 

(Text com. on p. 567). 



TABLE I. Ra-226 CONCENTRATIONS AND CONCENTRATION RATIOS (CRs) IN PLANTS AND EDIBLE CROPS UNDER 

NORMAL ENVIRONMENTAL CONDITIONS 

Sampling 
location 

Germany, 

USA 

UK 

Brazil 

Brazil 

USA 

USA 

USSR 

Germany, 

Fed. 

Fed. 

Rep. 

Rep. 

of 

of 

Item 

Apple 

Apple 

Brazil nut 

Brazil nut 

Brazil nut* 

Bean 

Bean, pea 
Bean, lima 
Bean, kidney 

Buckwheat grain 

Cabbage 

ft 

1 

1 

1 

15 

15 

6 

2 

Wt 
basis 

F 

F 

F 

F 

F 

D 

A 
A 
A 

F 

Plant concentration 

AM (68% CI) 
probability 

0.03 

0.067 

1.0 X 102 

48 (7.4-85) 
0.1 

52 (11-89) 
0.18 

0.15 (0.085-0.23) 
0.29 

2.3 
1.8 
1.7 

0.063 (0.03-0. l l ) c 

(Bq/kg) 

GM (68% CI) 
probability 

30 (11-89) 
0.53 

37 (15-92) 
0.41 

0.14 (0.089-0.23) 
0.46 

Soil 
(Bq/kg) 

00 CR 

1.3 

Source(s) 
of data 

[1] 

[2,3] 

[4] 

[5] 

[5] 

[6,7] 

[8] 
[8] 
[8] 

[9] 

[1] 

o 



TABLE I. (cont.) 

Sampling 
location 

USA 

Germany, Fed. Rep. of 

USSR 

USA 

USA 

USA 

USA 

Puerto Rico, USA 

Italy 

USA 

Item 

Cabbage 

Carrot 

Corn 

Corn 

Fern (mix) 

Forage 
(alfalfa, clover, 
sorghum) 

Fruit (mix) 

Fruit (mix) 

Fruit (mix) 

Grain (mix) 
(wheat, oats, 
barley) 

3 

3 

1 

6 

24 

6 

6 

2 

4 

3 

Wt 
basis 

F 

F 

F 

F 

D 

D 

F 

F 

F 

D 

D 

Plant concentration 
(Bq/kg) 

AM (68% CI) 
probability 

(0.063-0.14)° 

0.11 (0.02-0.22) 
0.06 

0.056 

0.426 (0.078-0.78) 
0.01 

0.048 (0.018-0.078) 
0.19 

(0.026-0.03)° 

0.014 

GM (68% CI) 
probability 

0.096(0.037-0.18) 
0.1 

0.34 (0.18-0.67) 
0.29 

0.041 (0.023-0.074) 
0.68 

Soil 

(Bq/kg) 

(«) 

26.5 ±4.2 

CR 

0.07 

0.1a 

0.49b 

0.06a 

1.3b 

Source(s) 
of data 

[2,3] 

[1] 

(9] 

[2,3] 

[10, 11] 

[12] 

[13-15] 

[6,7] 

[16] 

[17] 

[12] 

[13-15] 

£ 

22 
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Sampling 
location 

USA 

USA 

USA 

Italy 

USA 

USA 

USA 

USA 

Item 

Grass (mix) 

Grass (mix) 

Hemlock 

Herbage 

Leafy vegetables 
(cabbage, 
lettuce, 
spinach) 

Lettuce 

Lichen 

Lichen 

n 

9 
24 

6 

2 

2 

1 

2 

3 

6 

Wt 
basis 

D 
D 

F 

F 

D 

D 

D 

F 

D 

F 

Plant concentration 

AM (68% CI) 
probability 

0.492 (0-1.0) 
0.01 

0.23 (0.20-0.26)° 

0.21 (0.16-0.27)° 

(0.17-0.20)° 

11.5 (4.81-18.1) 
0.12 

1.3 (0.13-2.4) 
0.12 

(Bq/kg) 

GM (68% CI) 
probability 

0.33 (0.14-0.81) 
0.2 

9.62 (4.07-21.5) 
0.07 

0.89 (0.35-2.3) 
0.67 

Soil 
(Bq/kg) 

(»> 

26.5±4.2 

CR 

0.04a 

0.30b 

0.44a 

0.75 b 

Source(s) 
of data 

[12] 
[13-15] 

[10, 11] 

[10, 11] 

[17] 

[12] 

[13-15] 

[2,3] 

[18] 

[10, 11] 

r 

USA Maple 0.21 [10, 11] 



TABLE I. 

Sampling 
location 

USSR 

USA 

USSR 

USA 

UK 

(cont.) 

Germany, Fed. Rep. of 

India 

Ialy 

USA 

Puerto Rico. , USA 

Item 

Millet 

Moss (mix) 

Pea 

Pea, green 
Pea, yellow 

Peanuts 

Potato 

Potato 

Potato 

Potato 

Rice 

n 

10 

1 

2 

5 

6 

1 

Wt 
basis 

F 

A 
A 

F 

F 

F 

F 

F 

D 

Plant concentration 
(Bq/kg) 

AM (68% CI) 
probability 

1.7 (0-3.6) 
0.01 

7.77 
8.14 

0.666 

0.03 (0.02-0.04)° 

0.31 (0.12-0.52) 
0.62 

0.02 (0.014-0.025)° 

0.059 (0.035-0.085) 
0.63 

0.010 

GM (68% CI) 
probability 

1.0 (0.37-2.8) 
0.38 

0.26 (0.13-0.52) 
0.70 

0.056 (0.035-0.089) 
0.52 

Soil 
(Bq/kg) 

26.5+4.2 

CR 

0.4 

0.3 

Source(s) 
of data 

[9] 

[10, 11] 

[9] 

[8] 
[8] 

[4] 

[1] 

[19] 

[17] 

[6,7] 

[16] 

o 

en 

l 
s 
a. 

s i 
g 



Sampling 
location 

Item 

Plant concentration 
(Bq/kg) 

Wt AM (68% CI) 
basis probability 

GM (68% CI) 
probability 

Soil 
(Bq/kg) 

(n) CR 
Source(s) 
of data 

India 

USA 

USA 

USA 

USA 

India 

Rice 

Rice 

5 D 0.23 (0.18-0.28) 
0.61 

0.23 (0.18-0.28) 
0.54 

6 D 0.031 (0.017-0.044) 0.28 (0.018-0.044) 
0.63 

USSR 

China, India, 
Brazil 

Sunflower 

Tea 

4 

4 r 4 D 1.7 (1.5-1.9)° 

0.98 

Root 
Vegetables 

Root plants 
(radish, carrot, 
turnip, beet) 

Sitka (spruce) 

Spinach 

6 

2 

1 

3 

5 

D 

D 

D 

F 

F 

0.089(0.070-0.11) 
0.51 

0.4 (0.1-0.59) 
0.10 . 

0.30(0.19-0.41) 
0.49 

0.089 (0.070-0.1 
0.85 

0.3 (0.19-0.59) 
0.14 

0.28 (0.19-0.41) 
0.41 

0.17a 

0.29" 

0.3 

[19] 

[6,7] 

[6,7] 

[12] 

[13-15] 

[10, 11] 

[19] 

[9] 

[4] 



TABLE I. (cont.) 

Sampling 
location 

USA 

USA 

USA 

Italy 

Puerto Rico, USA 

Item 

Tobacco, cured 

Tobacco, cured 

Tomato 

Vegetables (mix) 

Vegetables 
(pumpkin, onion) 

n 

8 

7 

1 

2 

Wt 
basis 

D 

D 

F 

F 

F 

Plant concentration 

AM (68% CI) 
probability 

11 (7.8-14) 
0.31 

6.3 (4.8-7.8) 
0.04 

0.044 

(Bq/kg) 

0.036 (0.027-0.044)° 

(0.03-0.44)° 

GM (68% CI) 
probability 

10 (7.4-14) 
0.10 

6.3 (5.2-7.4) 
0.10 

Soil 
(Bq/kg) 

(«) 

32.5 

(4) 

26.1 
(2) 

26.5 ±4.2 

CR 

0.33 

0.24 

Source(s) 
of data 

[20] 

[20] 

[2,3] 

[17] 

[16] 

I 
2 
S 
s 

i 
USA 

UK 

India 

Vegetables (mix) 6 F 0.048 (0.019-0.078) 0.041 (0.023-0.078) 
0.14 0.33 

Walnuts 

Wheat 

1 F 0.11 

5 D 0.448 (0.33-0.56) 0.433 (0.33-0.59) 
0.39 0.29 

[6,7] 

[4] 

[19] 

USSR Wheat grain 1.0 [9] 



Sampling 
location 

Item 

Lichen 
Moss 
Grass 

Forbs 
Moss 
Lichen 

n 

46 
13 
20 

Wt 
basis 

D 
D 
D 

D 
D 
D 

Plant concentration 

AM (68% CI) 
probability 

0.0044 
0.0078 
0.0059 

(Bq/kg) 

GM (68% CI) 
probability 

Soil 
(Bq/kg) 

(«) 

0.3-2.5 
0.4-1.8 
0.01-0.2 

CR 
Source(s) 
of data 

Yugoslavia 

Canada 

[21] 

[22] 

SB 

Abbreviations: a: plants without surface contamination; A: ash; AM: arithmetic mean; b: plants with surface contamination; CI: confidence 
interval; D: dry; F: fresh; GM: geometric mean; n: number of samples; o: range of values; *: values for 222Ra. 
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TABLE II. Ra-226 CONCENTRATIONS AND CRs OBSERVED IN PLANTS AND EDIBLE CROPS IN HIGH NATURAL 

RADIOACTIVITY REGIONS 
4*. 

Location 
and 
condition 

Iran 
(area high in 
natural radium) 

New Zealand 
(uraniferous area 
high in natural 
uranium and radium) 

Plant 
or 
crop 

Bean 
Corn 
Cucumber 
Eggplant 
Garlic 
Herb 
Onion 
Orange 
Peach 
Pomegranate 
Potato 
Salad 
Tomato 

Blechnum (leaves) 
Coprosma (leaves) 
Marchantia 
Lichen (leaves) 
Uncinia (leaves) 
Weinmannia (leaves) 

Wt 
basis 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

D 
D 
D 

D 
D 

No. of 
observations 

1 
1 
1 

1 
1 

Concentration (Bq/kg) 

Plant* Soil* 

7.4-110 
30 
7-20 
28 
160 
21-210 
7 
13-180 
50.3 
37-240 
30 
30-78 
10-190 

21 800 
2000 
51210 

9550 
200 

780-14 700 
22 
780-14 700 
810 
2200-14 700 
890-21 000 
850 
850-21 000 
1900 
850-37 000 
850 
810-14 700 
850-14 700 

51 210 
1100 
47 770 

280 700 
14 000 

CR* 

0.007-0.026 
0.036 
0.001-0.009 
0.035 
0.01-0.07 
0.00-0.023 
0.008 
0.008-0.015 
0.027 
0.005-0.043 
0.029 
0.005-0.036 
0.012-0.017 

0.4 
1.8 
1.1 

0.03 
0.01 

Source 
of 
data 

[23] 

[24] 

K 
s 
§ 
§ 
p. 
B 

1 
* 



Location 
and 
condition 

Brazil 
(area elevated in 
natural thorium) 

USSR 
(taiga and tundra 
zones high in 
natural uranium 
and radium) 

Plant 

or 
crop 

Banana 

Cabbage 

Corn 

Lettuce 

Papaya 

Potato 

Tomato 

Grass (mix) 

Forbs (mix) 

Trees and shrubs 

Wt 
basis 

F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 

A 
A 
A 
A 
A 
A 

No. of 
observations 

5 
2 
2 
2 
1 
1 
1 
1 
3 
2 
2 
1 
2 
1 

3 
3 
16 
12 
3 
3 

Concentration (Bq/kg) Source 

CR* °f 
Plant* Soil* d a t a 

0 . 1 " 
0.2 
2 .4" 
0.52 
0.4 
0.2 
3 7 " 
3.89 
0 . 1 " 
0.07 
0.59" 
0.3 
0 .2" 
0.1 

20 
63 
89 
130 
170 
260 

8900 
24 300 
8900 
24 300 
8900 
24 300 

0.002 
0.003 
0.010 
0.005 
0.020 
0.011 

[25] 
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TABLE n . (cont.) 

Location 
and 
condition 

USSR 
(area elevated in 
uranium and radium 
from 'migration' of 
natural radioactivity) 

(a) rock-plant system 

(b) bush-moss mountain 
tundra at three 
different soil 
concentrations 

USSR 
(two soil types: 
Podzolic and meadow 
sod high in radium 
from the emergence 
of radioactive ground 
water to the soil 
surface) 

Plant 
or 
crop 

Lichen (mix) 
Moss (mix) 

Wt 
basis 

A 
A 

Birch (leaves) (a) A 
Mash (leaves) 
Ledum (leaves) 

Moss (mix) 

A 
A 

A 
A 
A 

Arctic Birch (b) A 
(leaves) 

Vaccinium 
(leaves) 

Buttercup 

Dandelion 

Clover 

A 
A 
A 
A 
A 

A 
A 
A 
A 
A 
A 

No. of 
observations 

11 
5 
1 
1 
1 

2 
2 
2 
1 
1 
1 
2 
2 
1 

Concentration (Bq/kg) 

Plant* Soil* 

869 
1150 
2000 
850 
15 900 

1100 
3960 
1200 
630 
3600 
1400 

98.0 
135 
160 
81 
140 

74 
200 
377 
74 
200 
377 
74 
200 
377 

3400 
3300 
20 700 
5700 
21 900 
2000 

CR* 

8.87 
8.54 
12.8 
10.5 
110 

11.5 
4.2 
0.7 
3.0 
1.8 
0.5 
8.5 
4.6 
1.9 

0.31 
1.12 
0.06 
0.11 
0.17 
0.70 

Source 
of 
data 

[27] 

[28] 
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Location 
and 
condition 

Sweden 
prospected uranium 
mining site in a 
subarctic environment 

Brazil 
(area elevated in 
natural uranium) 

Plant 
or 
crop 

Lichen 

Moss 

Bean 
Carrot 
Potato 
Corn 

Wt 
basis 

F 

F 

F 
F 
F 
F 

No. of 
observations 

6 
4 
16 
9 

Concentration (Bq/kg) 

Plant* 

0.44 
0.41 
0.1 
0.1 

Soil* 

30-503 
30-503 
30-503 
30-503 

CR* 

0.12-1.0 
0.21-1.3** 
1.0-3.5 
i.0-5.4** 

0.006 
0.004 
0.001 
0.001 

Source 
of 
data 

[29] 

[30] 

Abbreviations: A: ash; D: dry; F: fresh; *: single value or range; **: values for Ra-228. 
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TABLE III. Ra-226 CONCENTRATIONS AND CRs OBSERVED IN PLANTS UNDER EXPERIMENTAL CONDITIONS 

Experimental 
conditions 

Nutrients solutions 
contain carrier-free Ra-226 

Contaminated soil, 
unknown chemical form 
for radium 

Field plots, phosphate 
fertilizer added 

Plant 
group 

Kidney bean 

Bean 
Cabbage 
Barley 
Squash 
Lettuce 
Spinach 
Sunflower 

Wheat 
(straw) 
Wheat 
(straw) 
Wheat 
(grain) 
Wheat 
(grain) 
Sugar beet 
(foliage) 
Sugar beet 
(root) 

Wt 
basis 

D 
D 

D 
D 
D 
D 
D 
D 
D 

A 
D 
A 
D 
A 
D 
A 
D 
A 
D 
A 
D 

No. of 
observations 

5 

1 

6 

1 

5 

5 

Concentration (Bq/kg) 

Plant 

56 
56 
44 
407 
210 
67 
63 

18 
1.5 
19 
1.5 
8.9 
0.1 
8.9 
0.2 
9.3 
1.5 
23 
0.63 

Substrate 

39 200 
39 200 
39 200 
39 200 
39 200 
39 200 
39 200 

30 
30 
33 
33 
30 
30 
33 
33 
34 
34 
34 
34 

CR 

85 (shoots) 
1787 (roots) 

0.0015 
0.0015 
0.0012 
0.011 
0.0057 
0.0018 
0.0017 

0.61 
0.05 
0.58 
0.04 
0.30 
0.005 
0.27 
0.006 
0.27 
0.04 
0.68 
0.02 

Source 
of 
data 

[31] 

[32] 

[33] 
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Experimental 
conditions 

Field plots, injected 
with Ra-226 diluted 
with U mill water 
(pH approx. 2) 

Contaminated pots 

Surface and deep contaminated 
pots, three soil types 

Plant 
group 

Big sagebrush 
Plot 1: 
Plot: 2 
Pooled 

Grass (mix) 

Phlox (top leaves) 

Phlox (lower leaves) 

Chrysothamnus 

Bean plant {Vicia faba): 
Leaves (young) 
Leaves (old) 
Stem 
Fruit 
Roots 

Alfalfa 
Grass 

Wt 
basis 

D 
D 
D 

D 

D 

D 

D 

A 
A 
A 
A 
A 

No. of 
observations 

44 
44 
88 

4 

2 

2 

2 

Concentration (Bq/kg) 

Plant 

230* 
160* 
190* 

459 
2730 
1650 
992 
13 200 

Substrate 

3200* 
6700* 

37 000 
37 000 
37 000 
37 000 
37 000 

CR 

0.044** 
0.031** 
0.041** 
(0.018-0.094) 
0.034** 
(0.013-0.086) 
0.45** 
(0.23-0.86) 
0.75 
(0.32-1.7) 
0.049 
(0.024-0.098) 

0.012 
0.074 
0.045 
0.027 
0.358 

0.0001 
(max. value) 

Source 
of 
data 

134] 

[35] 

[36] 

Abbreviations: D: dry; A: ash; *: geometric mean (GM); **: GM of ratios (68% CI). 



TABLE IV. Ra-226 CONCENTRATIONS AND CRs OBSERVED IN URANIUM MILL TAILINGS SYSTEMS AND CONTROL & 
LOCATIONS ° 

Location 
and 
condition 

USA (Wyoming) 
Exposed tailings 
from acid 
leaching process 

Edge of tailings 
pond (normal 
soil saturated 
with contami
nated pond 
water) 

Reclamation area 
(uncovered 
overburden) 

Group 

(«) 

Grass (mix) 

(4) 
Forbs (mix) 

(6) 

Sagebrush 

(7) 
Grass (mix) 
(19) 
Forbs (mix) 

(4) 

Grass (mix) 

(4) 
Forbs (mix) 

(4) 

Wt 
basis 

D 

D 

D 

D 

D 

D 

D 

Concentration (Bq/kg) 

y a (68% CI) 
probability 

280 (41-536) 
0.21 
370 (100-629) 
0.48 

59 (19-100) 
0.60 
59 (0-130) 
<0.01 
33 (0-67) 
0.01 

8.1 (0-18) 
0.07 
48 (14-85) 
0.67 

Plant 

GM (68% CI) 
probability 

210 (89-511) 
0.27 
270 (110-670) 
0.65 

44 (16-120) 
0.14 
34 (12-96) 
0.42 
23 (9.3-56) 
0.08 

4.4 (1-16) 
0.78 
34 (9.6-110) 
0.16 

Soil 

(«) 

2400 
(17) 

170 
(30) 

350 
(15) 

YIX 

0.12* 

0.15* 

0.34* 

0.34 

0.19 

0.023* 

0.14* 

CR 

YIX + (68% CI) 
probability (n)d 

0.24(0.16-0.31)° 

(2) 
0.16 (0.04-0.23) 
0.12 (6) 

0.44 (0.19-0.69) 
0.54 (6) 
0.28 (0.1-0.45) 
0.51 (17) 

0.034 (0-0.06) 
0.40 (3) 
0.63 (0.61-0.64)c 

(2) 

GM (68% CI) 
probability 

0.13 (0.05-0.29) 
0.08 

0.35 (0.15-0.81) 
0.16 
0.22 (0.1-0.48) 
0.51 

0.015 (0-0.12) 
0.14 

Source 
of 
data 

[37] 05 
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Concentration (Bq/kg) 

Location 
and 
condition 

Background 
areas 
(undisturbed 
locations 
1-16 km 
upwind from 
mine) 

USA 
(New Mexico) 
Residential 
areas near 
mill site 

75 m from 
tailings pile 

Group 

(n) 

Sagebrush 

(5) 
Grass (mix) 

(5) 
Forbs (mix) 

(5) 

Tomato 
Pea 
Pea pods 
Green bean 
Carrot 
Beet 
Grass 
Grass 
Grass 

Wt 
basis 

D 

D 

D 

W 

w 
w 
w 
w 
w 
D 
D 
D 

7 a(68% CI) 
probability 

7.0 (0.37-14) 
0.10 
5.9(0-11) 
0.14 
11 (10-19) 
0.36 

0.041 
0.052 
0.13 
0.22 
0.22 
0.381 
18 
7 
840 

Plant 

GM (68% CI) 
probability 

5.2 (1.8-13) 
0.90 
4.1 (1.5-11) 
0.24 
14 (10-20) 
0.14 

Soil 

(B) 

93 

(8) 

YIX 

0.076* 

0.064 

0.13 

CR 

YlX + (68% CI) 
probability (n)d 

0.086(0.02-0.15) 
0.71 (4) 
0.073 (0.01-0.14) 
0.24 (4) 

GM (68% CI) 
probability 

0.056 (0.02-0.20) 
0.34 
0.05* (0.02-0.14) 
0.70 

Source 
of 
data 

[38] 



TABLE IV. (cont.) 
to 

Location 
and 
condition 

Group 

(«) 

Concentration (Bq/kg) 

Plant 

Wt y a (68%CI) 
basis probability 

GM (68% CI) 
probability 

Soil 

X* 

(«) 

CR 

YIX YIX+ (68% CI) GM (68% CI) 
probability (n)d probability 

Source 
of 
data 

Canada (Elliot Grass (mix) D 200 (67-340) 
Lake) field plots (20) 0.34 
of acidic tailings 

Control plots 

USA (Colorado 
and New 
Mexico) field 
sites, bare 
alkaline 
tailings 

Field sites, 
covered 
tailings 

Grass (mix) 

Kochia 

(5) 
Sitanion 

(9) 
Sporobolus 
(2) 
Atriplex 

(7) 

Sporobolus 

(6) 
Atriplex 
(5) 

D 

D 

D 

D 

D 

D 

D 

7 (3-12) 
0.22 

2400 (17 
0.47 
3700 

1300 

630 

480 

110 

140 (48-410) 7250 0.03 [39] 
0.02 

6.7 (4.1-12) 
0.32 

D 2400(1700-3000)2300(1600-3100)24 300 0.10 0.11(0.06-0.16) 0.10* (0.06-0.16) [40] 
0.21 0.28 (5) 0.43 

10 100 0.36 
(16) 
14 400 0.090 
(14) 
14 400 0.044 
(14) 

18 600 0.026 
(7) 
18 600 0.006 

(7) 

s 

a 



Concentration (Bq/kg) 

Location 

condition 

Greenhouse 
experiment, 
covered 
tailings 

Greenhouse 
experiment, 
control soil 

Field sites, 
local back
ground soil 

Greenhouse 
experiment, 
covered alka
line tailings 

Group 

(") 

Sporobolus 

(4) 
Atriplex 

(6) 

Sporobolus 

(4) 
Atriplex 

(4) 

Sporobolus 

(1) 
Atriplex 

(4) 

Sporobolus 

(3) 
Atriplex 

(3) 

Wt 
basis 

D 

D 

D 

D 

D 

D 

D 

D 

y a (68% CI) 
probability 

440 

890 

96 

63 

74 

30 

440 

1000 

Plant 

GM (68% CI) 
probability 

Soil 

(«) 

22 700 
(3) 
22 700 

(3) 

41 
(6) 
12 
(6) 

70 

(6) 
70 

(6) 

22 700 

22 700 

CR 

Y/X Y/X+ (68% CI) 
probability (n)d 

0.020 

0.039 

2.4 

1.5 

1.0 

0.42 

0.02 

0.05 

GM (68% CI) 
probability 

Source 
of 
data 

[41] 



TABLE IV. (cont.) 

Location 
and 
condition 

Control soil 

USA (several 
locations around 
uranium mill 
site) 

Canada (Ontario) 
(inactive sites, 
acidic tailings-
some treated 
with lime, 
wetland) 

India (near 
tailings pond) 

(Away from 
pond) 

Group 

(») 

Sporobolus 
Atriplex 

Russian 
thistle 
Rice grass 

Typha 
(roots 
only) 

Rice 

Rice 

Wt 
basis 

D 
D 

D 

D 

D 

D 

D 

Concentration 

F~a (68% CI) 
probability 

89 
70 

3-8.1 

127 

1490 

70 

Plant 

(Bq/kg) 

GM (68% CI) 
probability 

Soil 

37 
37 

32 

8730 

YIX 

2.4 
1.9 

0.25 

0.01 

0.01-
21 
(range) 

YIX + 

CR 

(68% CI) 
probability (n)d 

GM (68% CI) 
probability 

Source 
of 
data 

[42] 

[42] 

[43] 

[44] 

[44] 



Concentration (Bq/kg) 

Location 
and 
condition 

USA (Wyoming)* 
(0.04-0.16 km 
downwind from 
tailings pile) 

USA (Wyoming) 
(several loca
tions around 
mill site, 
unwashed 
vegetation) 

Germany, 
Fed. Rep. of 

(Black Forest, 
near old 
uranium, cobalt 
and gold mines) 

Group 

(B) 

Sagebrush 

Phlox 

Wheatgrass 

Sagebrush 

Vegetable 
(mix) 
Potato 
Fruit 
(mix) 
Grass 
(hay) 

Wt 
basis 

F 

F 
F 

F 

F a (68% CI) 
probability 

0.04-6.3 

0.04-1.5 
0.1-7 

0.3-20 

Plant 

GM (68% CI) 
probability 

Soil 

(n) 
YIX 

1.1 

1.5 

0.05 

0.09 

0.028 

0.011 
0.071 

0.15 

Y/X + 

CR 

(68% CI) 
probability (")d 

GM (68% CI) 
probability 

Source 
of 
data 

[45] 

[46] 

[46] 

[47] 

[47] 
[47] 
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TABLE IV. (cont.) 

Location 
and 
condition 

Soil concentra
tion ranged 
from 7-20 700, 
with maximum 
frequency of 
74-180 

Group 

(") 

Concentration (Bq/kg) 

Plant 

Wt F a (68% CI) GM (68% CI) 
basis probability probability 

Soil 

(n) 
YIX 

CR 

¥/X + (68% CI) 
probability («)d 

GM (68% CI) 
probability 

Source 
of 
data 

SIM
O

 

"2, and 

s 
£ 
& 
rt 

Abbreviations: a: Y arithmetic mean (AM) of plant concentrations; b: X arithmetic mean (AM) of soil concentrations; c: range of values in paren
theses; d: number of plant-soil matched pairs, used for CR calculations; D: dry; F: fresh; GM: geometric mean; n: number of samples; W: wet; 
*: best estimate of CR based on the most probable distribution; +: XIY (mean of the ratios) is included for comparison; not recommended as a 
best estimate. 
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Lichen, moss and tobacco leaves tend to concentrate appreciable amounts of 
radium. 226Ra concentrations in lichen and moss, for example, were much higher 
than grass collected from two areas in central Yugoslavia [21]. Radium levels in 
lichen, moss and tobacco were found to be much lower than the levels of 210Po and 
210Pb [18, 20]. Foliar uptake from aerially deposited activity from radon gas is the 
likely explanation for the higher concentrations of 210Po and 210Pb. It also appears 
that root crops and the leafy parts of plants tend to concentrate 226Ra more than 
fruits. 

A few studies reported on the soil concentration where the plants were grown. 
In these cases, the CR was calculated as the ratio of the plant to soil concentration 
(see individual entries in Table I for weight basis). The overall range for CR values 
observed where environmental conditions were normal was 0.06-1.3. 

2.2. Radium in plants from regions with naturally high radioactivity 

Several regions of the world are known to contain higher than normal levels 
of uranium and thorium chain radionuclides in the soil. Data on radium uptake in 
plants from these regions of high natural radioactivity are summarized in Table II. 
Eisenbud et al. [25] reported 226Ra and 228Ra concentrations from areas with 
natural thorium deposits in Brazil. Generally, they found that concentrations of 
228Ra were higher than 226Ra in all plants and that the content in leafy vegetables 
(lettuce and cabbage) was greater than in other plants. It is interesting to note that 
lettuce samples from New York reported in this study were also somewhat higher 
than other plant food items. Another study also found that 228Ra CRs were about a 
factor of 2 greater than those for 226Ra in vegetables grown in the same Brazilian 
region [53]. 

228Ra was preferentially taken up relative to 232Th by grass grown on thorium 
bearing monazite sand in Brazil [54]. Uptake of 224Ra (also in the natural thorium 
series) would also be expected; however, owing to the short half-life (3.6 d) of 
224Ra, any evidence of its presence due to uptake and not as a result of ingrowth 
from 228Ra is difficult to determine. The uptake of radium by leafy vegetables, root 
vegetables and fruits was reported by Penna Franca [55] for two regions of high 
natural radioactivity in Brazil. Based on his data, radium uptake from the monazite 
region appears to be limited by the insolubility of the radioactive mineral present in 
soil. Radium associated with apatite (as opposed to monazite) from the Araxa-Tapira 
region was more soluble. This greater solubility enhanced the diffusion of radium 
and its uptake by plants. Vasconcellos et al. [30] reported the uptake of 226Ra by 
foodstuffs cultivated in a high natural radioactivity region in Brazil (the Pocos de 
Caldas Plateau). In the vegetables they analysed, the maximum 226Ra concentra
tions were an order of magnitude greater man in normal regions. They also reported 
CR values of 10~3 and 10~2, respectively, for the total and exchangeable radium 
contents in soil. 
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Mistry et al. [56] investigated gross radioactivity in plants from monazite bear
ing regions in Kerala, India. They found fruits and vegetables to have low levels of 
radioactivity; the greatest concentrations were found in the leaves of perennial 
plants. They also inferred that the internal plant radioactivity was mainly due to 
228Ra and its decay products, 228Th and 224Ra. 

In high natural background areas of Iran, Khademi et al. [23] reported 226Ra 
concentrations in soil ranging from 0.6 to 300 Bq/g. The 226Ra concentrations in 
plants ranged from 0.007 to 13 Bq/g of ash and varied among different fields and 
between years. 

High levels of 226Ra in plants were also found in New Zealand and Sweden. 
The contribution of 226Ra and its decay products to the total alpha activity in lichen 
and other plant species growing in a 'uraniferous forest' in New Zealand was 
10.4% [24]. The average CR for the different plants in this area was 0.82, with a 
range of 0.01 to 1.8. Holm et al. [29] measured natural radioactivity around a 
uranium ore deposit in central Sweden. The transfer of radium to plants was greater 
than the transfer of uranium and was attributed to the resuspension of dust. 

226Ra in rock, soil and plant species from regions of high natural uranium in 
the USSR were reported by Verkhovskaya et al. [27]. Their data indicate that radium 
was absorbed by plants more 'intensively' than uranium and thorium and that the 
coefficient of biological absorption (CBA, defined similarly to CR) for radium 
exceeded 1.0 (on an ash weight basis) for a variety of native plants. The radium 
content in lichen and moss was about ten times (on an ash weight basis) that of the 
rock on which the plants grew. The CR values for the leaves of other plants, such 
as trailing ledum (Ledum decumens) exceeded 100 (on an ash weight basis). 

In certain 'humid' areas of the USSR, elevated concentrations of uranium 
decay radionuclides have been detected in surface soil. The source of contamination 
is apparently long term seepage of highly mineralized radioactive water to the soil 
surface. Rusanova [28] reported that the CR for native plants in these areas ranged 
from 0.06 to 1.12 (based on ash weight) in two different soil types. Titaeva 
et al. [57] reported a CBA of 1.7 for 226Ra and 6.0 for 224Ra for plants grown in 
a similar environment. 

Maslov et al. [26] found that most radium activity was in the top 10-30 cm 
of the soil in areas of high radioactivity in the USSR (taiga and tundra zones). They 
observed differences in uptake between the Leguminosae (legumes) and Compositae 
families. Apparently, legumes often exhibit higher radionuclide uptake than do 
non-legumes [15, 26]. The total amount of radium accumulated was correlated with 
the total plant bioproductivity. 

2.3. Radium uptake in laboratory, greenhouse and field plots 

Radium uptake data from laboratory, greenhouse and experimental plots are 
presented in Table IQ. D'Souza and Mistry [31] indicated that the uptake in beans 
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grown in a spiked nutrient solution was considerably higher than in plants grown in 
soil. The CR values (concentration in plant/concentration in nutrient solution) were 
85 and 1787 for the plant shoots and roots, respectively. The explanation for the high 
uptake from nutrient solutions is the lack of exchange sites and complexing ligands 
which are known to exist in soil. In this study, the uptake values for 226Ra were 
comparable to 89Sr, but 50-200 times greater than for 230Th, 2I0Pb and 210Po. 

A study of 226Ra uptake by pasture plants (alfalfa and grass) from soil 
contaminated at two different depths was conducted in a greenhouse by 
Grzybowska [36]. The maximum value observed for the CR was 0.0001 for grass 
grown in surface contaminated soil. 

In a field study using fertilized plots, Kirchmann et al. [33] found no signifi
cant difference between the 226Ra content in straw or grain fertilized at two different 
levels over 11 years. Analysis of the top 20 cm of their fertilized soil revealed, 
however, concentrations of less than 0.04 Bq/g of radium. In this case, the enhance
ment of soil activity from fertilizer was small relative to the natural soil activity. Tso 
et al. [20], however, reported on the 226Ra content of tobacco and stated that 
fertilizers may contribute to higher 226Ra uptake. The presence of a phosphate 
fertilizer enhances the mobility of radium in soil [58] and may explain, in part, the 
enhanced uptake observed by Tso et al. [20]. 

Kirchmann et al. [33] determined that the root of the sugar beet has a lower 
226Ra content than the above ground foliage (on a dry weight basis). Potato tubers 
were also shown to contain ten times less radium than that of the leaves [12]. Lower 
concentrations in roots relative to shoots is contradictory to the observations of most 
other plants made by many investigators (see Section 5). 

Simon and Fraley [59] studied the uptake of 226Ra in mature, big sagebrush 
(Artemisia tridentata) in field plots to determine CR values representative of the 
environs of a uranium mine in Wyoming State (USA). A soil injection technique was 
used to elevate me soil activity while minimizing root disturbance and soil surface 
contamination. The 88 observations listed in Table HI are actually four time series 
measurements (at three month intervals) of 22 plants. An equilibrium CR value (geo
metric mean) of 0.04 was determined from the data obtained during the second year 
of sampling. 

2.4. Radium uptake from uranium mill tailings 

Uranium mill tailings may provide a significant source of contamination for 
terrestrial plants. After uranium is extracted from ore, there are residues (tailings) 
which contain elevated 226Ra levels that are several orders of magnitude above 
normal soil. The 226Ra contents in plants growing at uranium mill sites are highly 
variable (Table IV). Important factors contributing to the variability among the 
studies are the substrate concentrations, sampling locations, the degree of leaf 
surface contamination, the method used to clean vegetation prior to 226Ra analysis 
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and the milling process (acidic versus alkaline). The variation in 226Ra concentra
tions with tailings texture (fine versus coarse fraction) was reported by Moffett and 
Tellier [39] and Flot [60] and may also contribute to the differences in 226Ra 
concentrations among these studies. 

Most studies found significantly elevated 226Ra levels in plants at or near 
mining and milling operations. Mean 226Ra activities in grass and forbs growing on 
acid leached tailings were 0.29 and 0.37 Bq/g, respectively [37]. The tailings had 
a high sand content and averaged 2.4 Bq/g of 226Ra. Residual surface activity may 
have contributed to the values observed in this study, although vegetation was ultra-
sonically washed. A removal efficiency of 74% for surficial contamination on leaves 
was determined for this ultrasonic washing procedure [45]. The CRs varied signifi
cantly among sites and were comparatively higher relative to background and recla
mation areas for plants grown on exposed tailings and on soil at the tailings 
impoundment edge. Plant uptake was enhanced from the latter site because of the 
diminished binding capacity of the soil owing to the saturation condition. Concentra
tion ratios for 226Ra reported in this study were significantly lower than for 230Th, 
238U and 210Po. Ibrahim and Whicker [37] speculated that in the case of sulphuric 
acid leached tailings, 226Ra is largely present as a sulphate. Radium sulphate is 
extremely stable and insoluble relative to sulphates of thorium, uranium and 
polonium [61]. 

Radium activities in vegetation from bare and covered carbonate tailings were 
reported by Marple [40] and values ranged from 0.2 to 13.6 Bq/g. In soil around 
the mill site which was not elevated in activity, 226Ra concentrations in plants 
averaged 0.04 Bq/g. The CR values which we calculated from Marple's data for 
grass and forbs growing on bare tailings compare favourably with values reported 
by Ibrahim and Whicker [37]. Moffett and Tellier [39] found that grass growing on 
field plots of acid leached tailings of approximately 7 Bq/g had a mean radium 
activity of 0.2 Bq/g. They reported a CR value of 0.03 for grass, which is lower than 
that reported from most other tailings studies. 

226Ra concentrations in vegetable samples from residential areas near a 
uranium mining and milling operation in the western USA have somewhat higher 
values than those reported for foods from other regions of the USA [38]. These 
authors speculated that the relatively higher plant concentrations may have resulted 
from contamination by wind blown tailings. 

Winsor and Whicker [46] investigated the uptake of 226Ra in vegetation at a 
uranium mine in Wyoming, USA. They observed a high CR (1.5) for unwashed 
Phlox sp. growing around the mill site. The high value may be due to the low stature 
of the plants, which enhances dust deposition and accumulation. Simon [34] also 
determined that the CR in Phlox sp. (ultrasonically washed before analysis) was 
higher than other native range vegetation and speculated that the reason was related 
to the potential of the plants for greater surficial contamination and retention. The 
CR was determined to be significantly higher for the lower leaves than for die upper 
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leaves. It was not known whether this resulted from the lower leaves receiving 
greater surficial contamination or because of an activity gradient within the plant 
owing to physiological reasons (see Section 5). The transport of dust borne radio
nuclides to foliage and their possible retention or absorption may play an important 
role in plant contamination with radium. The magnitude of the surficial contamina
tion pathway, however, is difficult to evaluate separately from that of root uptake. 

Dreesen and Marple [62] investigated the uptake of radium from alkaline mill 
tailings under greenhouse conditions. 226Ra concentrations were elevated 16 times 
in shrubs and 5 times for grass grown in tailings as compared with plants grown in 
control (uncontaminated) soil. 

Marple and Potter [63] investigated radium uptake under a variety of condi
tions. They observed that grass grown on tailings in greenhouses had radium levels 
similar to field samples; however, shrubs in greenhouses had higher activities than 
field plants, possibly due to better growth conditions resulting from fertilizer and 
irrigation. 

3. COMPUTATION FORMULAS FOR THE ESTIMATION OF MEAN 
CONCENTRATIONS AND CRs AS USED IN THE TABLES 

Different computational formulas for the mean concentration or CR frequently 
result in significantly different computed values. The success of different formulas 
in estimating the true mean varies according to the sample distribution of the data 
(which we assume is representative of the parent population). Our choices of mean 
value estimators for plant and/or soil concentrations and CRs were based on the 
comparisons and evaluations of estimators in Refs [64, 65]. The following is a 
summary of their results which we utilized in the calculations for the tables. 

If the ratios of the fey,-) data pairs (y, = plant concentration, xt = soil 
concentration) have a bivariate lognormal distribution, the best estimator is the 
geometric mean (GM) of the ratios: 

GM = exp C^--fj ln(W) 

This conclusion also applies when the y data are lognormal and the x data are a fixed 
constant aside from lognormally distributed measurement errors. An example of a 
case with a constant x would be soil that is spiked uniformly. The GM was used to 
estimate the CR in Tables I, HI (one entry) and TV for lognormally distributed ratios 
whenever the matched soil and plant data were available. 

If ratios are normally distributed or if matched pairs are not available to 
compute the ratios, the estimator developed by Tin [66], or ylx, work well. The 
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latter estimator was used in our review for normally distributed ratios because it is 
easy to compute and is well known. Gilbert and Simpson [65] state thaty/x even per
forms reasonably well for lognormally distributed ratios. 

The confidence intervals (CIs) of mean values were also computed and 
reported in the tables. The lcr (68%) CIs were computed from the following 
formulas: 

(a) Normal distribution: {p. - a) to (jx + a) 
(n = mean; a = standard deviation (SD)). 

(b) Lognormal distribution: (GM/<rg) to GM X ag 

(og = exp(SD) of log-transformed data). 

The choice of a particular estimator depends on the particular distributional 
model that is determined to best describe the data set in question. To determine 
appropriate mean value estimators for the literature data, the W-test [67-69] was 
Used to obtain a quantitative evaluation of normality or lognormality. The computed 
probability of a normal and lognormal distribution is included in Tables I, III and 
IV for those studies which furnished the necessary data. In all cases, it is suggested 
that the mean value be used, which is derived from the most probable distribution. 

4. FACTORS AFFECTING THE AVAILABILITY OF RADIUM FROM SOIL 
FOR PLANT UPTAKE 

This section delineates factors important to the availability of radium from soil. 
The availability of an element from soil for plant uptake is controlled by a large array 
of physical, chemical, biological and environmental factors. Information on nutrients 
and analogue elements is included in this discussion because the understanding of the 
radium-soil interactions and radium's availability for plant uptake can be enhanced 
from this database. 

There are several distinct processes which must take place for plant uptake to 
occur [70]. The first is the release of ions from the solid phase of the soil to the soil 
solution, followed by the movement (involving diffusion and mass flow) of these ions 
to locations where plant roots exist. The exchange of the ions onto the root surfaces, 
transport across the root membranes and the subsequent translocation into plant 
tissues complete the uptake process. Concepts such as 'availability' and 'mobility' 
are helpful in describing the processes and mechanisms that determine the potential 
of ions for plant uptake. The 'available' nutrients in soil are defined as those belong
ing to a pool which contribute to cation uptake by plants grown in that soil [71]. 
Russell [72] stated that the 'labile ionic pool' which provides the available fraction 
of elements is composed of ions in the soil solution and those readily exchangeable 
ions on mineral or organic surfaces. The term 'nutrient' is often used loosely and 
may refer to many elements which are absorbed by plant roots either as required 
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nutrients or as analogues. The major factors governing availability to plants from soil 
are the solubility of the element associated with the solid phase [73] and the 
thermodynamic activity of the uncomplexed ion [74]. These factors may influence 
root uptake, because a soluble species must exist adjacent to root membranes for root 
uptake to occur. The degree of availability in the soil solution, however, is dependent 
on the soil-plant relationship [75]. For example, the root system may alter the pH 
of the soil immediately adjacent to it. The degree of uptake by plants may also vary 
with the root system growth pattern [76]. Jenne and Luoma [74] also stated that the 
source of metals as well as time play important roles in influencing metal availability 
for uptake. Apparently, the source of metals may determine the chemical form in 
which they enter the environment. 

Mobility has been defined as the overall process whereby ions reach sorbing 
root surfaces, thereby making possible their sorption into the plants [75]. Mobility, 
therefore, involves the movement of ions by diffusion into the film of water between 
the root surface and the soil. We feel that the terms 'availability' and 'mobility', as 
used by different authors in the literature, often define similar processes. 

Radionuclides which are soluble in the soil solution or which are isotopes of 
elements that have metabolic functions in plants are most readily absorbed by 
roots [76]. Sorption and desorption processes for radium in soil are important to its 
retention and availability for plant uptake. Under natural conditions, a number of 
other factors may influence radium availability and uptake. These factors include the 
effect of other cations, organic matter in soil, the degree of leachability from soil 
and the chemical form. 

4.1. Calcium and other cations 

Sorption and desorption processes (exchange) for radium in soil are influenced 
by other cations in the soil-solution system. Cations such as calcium are held on the 
surfaces of negatively charged, colloidal, clay and organic matter in the soil as 
exchangeable ions. They can evidently be replaced by, and are usually in equilibrium 
with, the cations in the soil solution [75]. 

When radium is present as the dominant cation in dilute solutions, it exhibits 
such high affinity for the adsorption surfaces of soil particles that it is almost 
completely adsorbed [77], As more adsorption sites are filled, there is progressively 
less chance for the solute to find available sites. Nathwani and Phillips [77] found 
that although radium was adsorbed on soil in the presence of Ca2+ , the degree of 
radium adsorption decreased considerably as the calcium concentration increased. 
This phenomenon was influenced more by the maximum adsorption capacity of the 
soil than by its affinity for 226Ra. 

Titaeva [78] reported that radium from naturally contaminated water was 
readily sorbed by peat and that the radium-peat bond is of the exchange type (readily 
displaced by H + , K + or NH4"). In the presence of substantial amounts of calcium, 
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however, radium becomes unexchangeable and is associated with the insoluble 
residues. This effect has not yet been explained, but we speculate that at normal soil 
pH, radium may co-precipitate with calcium in the presence of natural soil sulphates 
to form an insoluble species. The ability of Ca 2 + to replace Ra2 + in soil is very 
low, possibly due to differences in ionic size. 

A significant fraction of radium in soil was determined to be sorbed by topsoil 
layers, which contain the highest amount of calcium [28, 79]. In these cases, the 
radium contamination was a result of the emergence of radioactive groundwater to 
the soil surface. Rusanova [28] found that the quantity of radium extracted from mis 
soil by different leaching reagents was inversely proportional to the calcium content 
of the soil. He also reported in an earlier paper [80] that an inverse relationship 
existed between the content of exchangeable forms of radium and the total amount 
of calcium and magnesium in soil. 

The effect of various cations on the desorption (teachability) of radium from 
sediment was studied by Shearer and Lee [81]. They found that barium has the 
greatest effect on the amount of radium leached, and this effect decreased greatly in 
the order: barium > strontium > calcium > magnesium. The replacing ability 
of cations on root surfaces was also reported to decrease in the order: 
Ba2 + > Ca2 + > Mg2 + [82]. The replacing ability did not depend directly upon 
root metabolism, since the same phenomenon was observed for both living and dead 
roots. It is interesting to note that the ionic radii of these elements decrease in the 
same order: radium > barium > strontium > calcium > magnesium (1.43, 1.3, 
1.12, 0.99, 0.66 A, respectively). It is our opinion that these exchange processes 
between cations of equal charges are controlled primarily by ionic size (e.g. barium 
can replace radium, but not calcium). 

The effect of calcium and other cations on the uptake of radium from soil has 
been reported by several other investigators. Menzel [83] compared the uptake of 
calcium, strontium and barium in laboratory experiments using spiked soil. He 
indicated that the uptake of strontium and barium was inversely proportional to the 
exchangeable soil calcium. Taskaev et al. [84] stated that high calcium concentra
tions in soil reduce the 'migration' (mobility) of 226Ra along the 'soil-plant system'. 
In plants, they found a positive relationship between radium and barium and a 
negative relationship between radium and calcium. The negative radium-calcium 
relationship indicates a reduction in 226Ra uptake by plants with increasing calcium 
concentrations in soil. The authors concluded mat the behaviour of 226Ra in the 
soil-plant system is more similar to that of barium than to that of calcium. Another 
possible mechanism to explain the decrease in radium uptake by plants with increas
ing calcium in the soil is the dilution of radium in the available calcium-radium pool. 

Marple [40] found that there was a reduction in radium extracted from uranium 
mill tailings in the presence of high calcium concentrations. She also found that the 
uptake of radium by plants was inversely related to the calcium content in the 
substrate, which is further evidence of low radium availability in soil with higher 
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calcium. Kalin and Sharma [43], however, did not observe any relationship between 
the uptake of 226Ra in Typha and calcium and magnesium concentrations in uranium 
mill tailings. 

The influence of calcium within plants on radium uptake is not clear. 
Grzybowska [36] found no correlation between radium uptake and the calcium 
content in the above the ground part of grass and alfalfa, which suggested that 
calcium contents in plants did not influence radium uptake from soil. Penna Franca 
et al. [5] observed a correlation between radium and barium in Brazil nuts and in 
different parts of the tree. The high radium content may be explained because the 
trees have a high 'capacity' for absorbing barium, which may act as a carrier for 
radium. 

4.2. Organic matter 

Research found organic matter and clays to be the dominant constituents 
contributing to the adsorption of 226Ra onto soil. Organic matter adsorbs about ten 
times as much radium as clay, which is more adsorptive than other soil minerals. 
This is predominantly due to the high 'cation exchange capacity' (CEC) of organic 
matter [85]. In soil with low organic matter and low clay content, few sites are 
available for radium adsorption. Kirchmann et al. [12] determined that an inverse 
relationship existed between the log of the 226Ra content in plants and the amount 
of 'sorptive material in the soil'. Grzybowska [36] conducted a three year green
house study to compare uptake from soil with different organic matter contents. The 
chemical form of radium was not clear (only specified as a 'soluble form'). His 
results indicated that high radium uptake occurs with low organic matter content 
because organic matter tends to bind radium. Decaying plant material, however, may 
increase the mobility of certain radionuclides by producing complexing agents or 
cations which tend to displace those adsorbed on the soil [86]. 

226Ra (T1/2 = 1602 a) is usually firmly fixed by organics in the soil. 224Ra 
(T1/2 = 3.6 d) may be more mobile because it is constantly produced from 228Th 
and, hence, is continually entering the soil solution [57]. 

4.3. Leachability from soil 

Leaching tests can provide qualitative and quantitative information about 
radium desorption and mobility from soil and the potential for plant uptake. Several 
leaching studies from both uranium tailings and contaminated soil have been carried 
out. Rusanova [80] stated that the presence of radium in lysimetric water indicated 
that radium was leached into the soil solution and was therefore available to plants. 
He also determined that various types of soil (sod meadow, sod gley, sod podzolic, 
gley strong podzolic) differed greatly in the degree of radium leachability. 
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The rate controlling processes in the release of Ra from uranium mill tail
ings were studied by Shearer and Lee [81] and Nathwani and Phillips [87]. In both 
studies the quantity of leached 226Ra increased as the liquid to solid ratio was varied 
over the range of 40-1000. At higher liquid to solid ratios, the leachability of radium 
was not significantly affected. Nathwani and Phillips [87] also determined that acidic 
leachants (pH2.5) released significantly greater quantities of radium than did distilled 
water. The second author of this paper (Ibrahim) and co-workers [88] investigated 
the leachability of radium from acidic uranium mill tailings. Owing to the low solu
bility of radium as a sulphate, only 0.24% was removed after five water leachings. 
The first author (Simon) and Deming [89] reported on the leachability of radium as 
a function of time after soil spiking to determine the time dependent availability for 
plants. The soil in their experiment was uniformly mixed with radium diluted in 
acidic mill tailings pond water to produce a soil concentration of approximately 
30 Bq/g. Using a water to soil ratio of 4:1 and agitation, the leachable fraction was 
observed to decrease exponentially from a value of 0.19% to 0.093% over a four 
week period. In comparison, the exchangeable fraction of radium in Brazilian soil 
extracted with IN ammonium acetate at pH7 ranged from 2.3 to 34.5% [30]. 

4.4. Chemical and other factors 

Several other factors which can affect radium mobility in soil are the chemical 
forms of radium, the quantity of radium in the substrate, the presence of iron, the 
pH, substrate texture, the uniformity of radium in the substrate and the effect of time 
after soil spiking. 

Kalin and Sharma [43] stated that 226Ra may exist in different chemical forms 
in tailings from different locations because the quantity of water extractable radium 
varied. Their data indicated that water extractable ^ R a concentrations were 
inversely related to the tailings concentration and that the water solubility of an 
element has an important effect on its uptake. The uptake of radium was considerably 
increased by the addition of chelating agents (e.g. ethylenediaminetetraacetic acid 
(EDTA)) to nutrient solutions [90]. 

The quantity of 226Ra that can exist in solution may be limited by its chemical 
form. Some mill tailings contain large quantities of sulphate ions as a result of the 
milling process. Co-precipitation of radium in the presence of trace quantities of 
barium is a strong possibility, resulting in reduced leachability [87, 91]. Dreesen 
et al. [41] compared the leachability of radium from alkaline and acidic mill tailings. 
The fractions leached were 6% and 0.3%, respectively. The differences in leach
ability between the two types of tailings may be due to the chemical form of radium, 
as well as a pH effect. 
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Taskaev et al. [92] indicated that the extraction of 6Ra depends on soil type 
and that the mobility of 226Ra in an FeCL^ medium is due to the formation of solu
ble organo-iron compounds. The action of Ca 2 + is, however, responsible for the 
formation of 'difficult soluble compounds'. 

Nathwani and Phillips [93] found that the leaching of radium from soil was 
significantly affected by its texture. Desorption was greater for coarser soil than for 
fine soil. Over short periods, the leaching of radium from soil is reasonably approxi
mated by Fick's law of diffusion. 

The first author (Simon) and Fraley [94] investigated differences in the uptake 
of 226Ra in big sagebrush (Artemisia tridentata) seedlings owing to the distribution 
of radium in the soil. In a potted plant experiment, they compared the uptake from 
soil with radium uniformly distributed with the uptake from soil containing an equal 
amount of radium, but which had been 'injected' along a narrow vertical line. The 
mean values of the resulting leaf concentrations from the two treatments were statisti
cally indistinguishable; however, the coefficient of variation of plant concentrations 
from the injected soil was significantly higher than the value from the uniform 
activity (84% compared with 24%). 

The season of the year or the amount of time elapsed since soil contamination 
may affect plant uptake; however, the role of plants in the movement of radio
nuclides in soil is minor, except possibly over very long periods of time [76]. 
Grzybowska [36] indicated that the radium content of plants depends on the time 
within the growing season. The first author (Simon) and Fraley [59] investigated the 
uptake of 226Ra in mature big sagebrush (Artemisia tridentata) as a function of time 
after soil spiking. The maximum concentration observed was at the first sampling, 
which was 81 days after soil injection. The concentrations decreased exponentially 
for approximately one year to a constant value. Various phenomena were suggested 
to account for the decrease in plant concentrations over time, including a reduction 
in soil leachability [89], which may be due to adsorption of the radium onto soil 
particles, depletion of the activity in soil in contact with the roots, low mobility to 
roots from surrounding soil owing to low solubility and low water availability and 
plant loss mechanisms, such as leaf leaching, leaf drop and regrowth. Depletion of 
activity around roots has been discussed by Barber [95], Bhat and Nye [96] and 
Mengel and Kirkby [97]. If the rate of uptake is higher than the rate of transport 
towards a root, the soil layer in contact with the root becomes depleted of the radio
nuclide. Depletion may be responsible for a low rate of uptake in soil systems in 
which the radionuclide is relatively immobile and, therefore, unable to replenish the 
soil layer adjacent to the roots. 

Significant differences were observed in the availability of 226Ra and 228Ra to 
plants [98]. This suggests that both isotopes may be associated to a considerable 
degree with their respective parent (238U and 232Th) minerals and, consequently, 
isotopic exchange is not expected to occur in soil (e.g. physical and chemical differ
ences between minerals). 
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5. DISTRIBUTION OF RADIUM IN PLANT TISSUE 

Different elements apparently have different distribution patterns within 
plants. The heterogeneous concentrations in different parts of the plant result from 
tissue barriers, specific co-ordinating substances, metabolic incorporation and other 
causes not understood [99]. A decreasing gradient from oldest to youngest growth 
and towards the apex of the plant is termed 'acropetal' and has been observed for 
radium from roots to stems and from stems to shoots (and levels) in many different 
plant types under different growing conditions. 

Popova et al. [32] observed an acropetal gradient in leafy vegetables and beans 
grown in pots containing radium contaminated soil. Although the radium concentra
tion in roots is generally higher than in other plant parts, they indicated that the 
radium content in oldest leaves may sometimes exceed that of roots. Radium was 
preferentially retained by the roots and discriminated against in the passage to shoots 
for barley, peas and maize grown in nutrient solutions [90] and for kidney 
beans [31]. Higher concentrations in roots as well as an acropetal gradient for the 
above ground plant were also observed by Verkhovskaya et al. [100] from studies 
in high activity areas in the USSR. Rayno et al. [42] stated that the root to shoot ratio 
varied from 4.5 to 38 for different grass. 

The existence of an acropetal gradient suggests that radium is not metabolically 
active to any degree and is not secondarily distributed to more remote tissues. 
Vavilov et al. [101] studied radium uptake in kale and concluded that radium flowed 
unidirectionally (from roots toward shoots) and was regulated by growth rate and 
leaf age. Radium, having once entered the transpiration stream, remains there 
without further distribution and does not enter into the metabolic cycle which 
redistributes some elements to newer growth. Kirchmann et al. [102] determined 
from spectrometric measurements and autoradiography that the radium deposited in 
leaves (via root uptake and translocation) was not redistributed during plant growth. 
Elements which are translocated very slowly may be more concentrated in lower 
stems [76] and may account for the acropetal gradient. Athalye and Mistry [103] 
suggested that the gradient from oldest to youngest growth may be due to the time 
lag in absorption between the leaves of various ages. Since the rate of accumulation 
for young and old leaves has been suggested to be approximately equal [104], the 
time lag may be due to the additional transport distance within the plant to leaves 
of different ages. In uptake experiments with artificially enriched soil, the distribu
tion of radium in plants was found to be acropetal for each of the separate chemical 
fractions (i.e. total radium, the water soluble fraction, the exchangeable fraction and 
the acid soluble fraction) [27]. Verkhovskaya et al. [105] indicated that there is no 
redistribution of radium once it is deposited in a location internal to the plant. The 
first author (Simon) [34] also observed a decreasing concentration gradient from 
stems to leaves in mature sagebrush growing in 226Ra spiked soil. The geometric 
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mean (68% confidence interval) of the ratio of concentration in leaves to stems was 
determined to be 0.61 (0.52-0.71, n=8). 

The distribution pattern of material absorbed directly through leaves may differ 
substantially from the distribution pattern of elements which are absorbed through 
the roots and the stem base. Alkaline earth elements, such as calcium, strontium and 
barium, are freely translocated through the xylem system, yet their transport is 
discriminated against in the phloem. When absorbed by leaves, strontium, like 
calcium, is largely immobilized and accumulates in the particular leaves into which 
it was absorbed [99]. No information was found concerning radium absorbed from 
leaf surfaces, though it would most likely be immobile and behave similarly to other 
alkaline earth elements. 

6. CHEMICAL FORM OF RADIUM IN PLANTS 

The chemical form of radium in plants may determine its mobility within the 
plant and the degree to which it is recycled from plants to soil. Although the exact 
chemical compounds of radium in plants have not been identified or characterized, 
some chemical speciation studies were available. Verkhovskaya et al. [27] stated that 
the chemical forms of radium deposited in plants may differ according to the species 
and organ. Comparisons of water soluble, exchangeable and non-exchangeable frac
tions showed that in some cases the plant tops contain relatively more mobile forms 
than do the roots. Radium was determined by Rusanova [28] to be more leachable 
in plant tops than other parts. In another study, a high proportion (maximum of 50%) 
of water soluble forms occurred in young plants, but this proportion changed with 
age toward an increase in the acid soluble fraction [27]. The radium present in bleed
ing sap was in ionic form and a high proportion was water soluble, indicative of high 
mobility in plants. Popova and Kyrchanova [106], apparently in agreement with 
Verkhovskaya, determined that 226Ra was 'mostly' present in mobile forms in 
12 plant species investigated. Taskaev et al. [84] determined that from 2 to 34% of 
226Ra in the green parts of plants dissolved in water and that there was no relation 
between total content and the extracted fraction. The total amount of water soluble 
and exchangeable 226Ra in plants varied from 6.2 to 80%. The most mobile 226Ra 
in the above the ground plant parts occurs as a free ionic form, as part of soluble 
mineral salts and as organic complexes. Radium, however, may bind with 
carbonates, oxalates and other less soluble compounds. 

7. FOLIAR CONTAMINATION, RETENTION AND LOSS 

Two factors concerning foliar contamination with radium are of particular 
interest: first, the extent of the initial retention on plant tissues (i.e. the quantity held 
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for the first few hours), and second, the rate at which radium will normally be lost 
from them by processes other than physical decay. 

Russell [107] stated that one factor which determines the retention of radio
active materials on the surface of plants is the solubility. Radium in uranium mill 
tailings, particularly from sulphuric acid systems, is highly insoluble. Contamination 
of plant surfaces with radium will depend, therefore, on the retention time of the 
tailings particles. The retention of these particles may be highly dependent on 
particle size and the morphology of the vegetation. Whicker and Schultz [86] list a 
number of variables which may affect the deposition and retention of particles on leaf 
surfaces. These variables include particle size, leaf surface texture or roughness, the 
presence of hair and the orientation of the surface relative to the source of contamina
tion and to the direction of erosive forces such as wind and rain. 226Ra in uranium 
mill tailings has been shown to be positively associated with particles of less than 
50 ixm [40, 45]. The particle sizes below 50 /xm are dispersed principally by air
borne transport [86]. An earlier study indicated that most particles contaminating 
foliage had diameters less than 40 jtm [108]. Because of the potential for the 
airborne transport of micrometre size tailings fractions, surficial contamination of 
plants may be a potentially important contamination pathway. The significance of 
this pathway may be greatest near mill tailings locations and in situations where root 
uptake is minimal. 

Possible sites for the entry of foliar applied contaminants are the unperforated 
cuticle, breaks in the cuticle and openings in the epidermis, such as stomata and 
hydathodes, according to Dybing and Currier [109]. They stated that the epidermis 
is a barrier, but that it is not impenetrable. Their results indicated that stomatal 
penetration occurs mainly when an efficient surfactant is used. 

Water absorption (owing to rain or dew) through the aerial parts of plants is 
important to the water economy of plants growing in arid environments [99]. The 
entrance of surface contaminant ions into epidermal cells is possible under such 
conditions. The absorption of ions from the surface of the leaf appears to be depen
dent on the existence of liquid continuity from the exterior to the protoplasm. 
Biddulph [99] suggested that several factors are important for absorption through 
leaves, including the position of the leaves, the position of materials on the leaves, 
the area of the leaf covered and the leaf age. 

The foliar absorption rates of 45Ca, 89Sr and 140Ba were determined to be 
similar by Bukovac and Wittwer [110], although the total amount absorbed was 
greatest for calcium, followed by barium and strontium. Although the foliar absorp
tion rate of radium is unknown, it may be similar to that of other alkaline earth 
elements. The transport of calcium, barium and strontium from the sites of applica
tion on leaf surfaces into the adjacent leaf tissue was appreciable, though the export 
from the treated leaf was negligible. Within the leaf, transport from the site of appli
cation occurs only toward the apex and periphery. In their review, Bukovac and 
Wittwer [110] noted a complete absence of basipetal movement for calcium, 
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strontium and barium. The immobility of these elements was attributed to the failure 
of phloem transport by Biddulph [99]. 

Litterfall and senescence of foliage are quantitatively important mechanisms by 
which accumulated materials return to the soil [111]. Metals are also lost from plants 
by guttation (water droplets forced from leaves by root pressure) and leaching by 
dew and rain [112]. The first author (Simon) and Deming [89] investigated the 
leaching of internal radium from sagebrush leaves (deposited via root uptake) under 
field conditions in a semi-arid climate. A method was used in which the leaves, after 
their removal from plants, were put into individual screen bags to facilitate field 
placement and retrieval. The concentration of radium in the leaves was reported to 
decrease exponentially over a one year weathering period with a half-time of appro
ximately 265 d. 

Retention and weathering of surficial contamination has been demonstrated for 
strontium applied as a spray on pastures. The radionuclide on the surface of herbage 
decreased exponentially, with a half-time of 19 d in summer and 49 d in winter for 
85Sr [113]. Russell [107] also determined a weathering half-time of about 14 d for 
89Sr (season unspecified). No data were available for the loss rate of surficial 
radium contamination. 

8. RELATIONSHIP OF PLANT AND SOIL CONCENTRATIONS 

8.1. Theoretical considerations 

The definition of the CR as a constant, rather than as a function, assumes that 
the concentration in plants increases linearly with increasing substrate concentra
tions. However, that the plant and substrate concentrations are linearly related may 
be a poor assumption in some situations. The linearity assumption infers that the CR 
is the slope of the linear relationship of plant concentration as a function of soil 
concentration. Gilbert and Simpson [65] note that the regression approach (i.e. the 
slope of plant concentration versus soil concentration) in computing the CR is parti
cularly unsatisfactory if there is any possibility that the data are lognormal rather 
than normal. The regression estimate of the CR is not a preferred estimator (from 
a statistical bias point of view) even in the case of normally distributed data. 

Discussions of the limitation of the linearity assumption have appeared in 
Refs [114-116]. Sheppard [117] also mentioned the linearity assumption and cited 
discussions concerning linearity in Refs [9, 118]. Williams [114] examined uptake 
data for 12 biological systems and stated that the linearity assumption for the uptake 
of radium can only be validated for freshwater algae. For this reason, the remainder 
of this section examines the validity of the linearity hypothesis for radium uptake in 
terrestrial plants. 
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CaCl2 concentration in nutrient solution (meq/L) 

FIG. 1. Calcium concentration in roots of maize [122] and the derived concentration ratio 
(CR) as a Junction of the nutrient solution concentration. 

Williams [114] stated that a non-linear uptake response to increased radium 
concentration in the substrate may be one factor accounting for deviations of the CR 
from linearity. Others stated that the lack of correlation between plant and substrate 
concentrations could be explained if the element was mimicking an essential element 
[116]. It has, in fact, been documented that alkaline earth elements may compete for 
adsorption binding sites on the surface of roots, though calcium is more effective 
than barium and strontium in competing for the common binding site on barley 
roots [70, 119]. In the presence of high soil concentrations of alkaline earth cations, 
the uptake of radium may be suppressed owing to adsorption competition. 
Williams [115] indicated that it is likely that radium and other alkaline earth elements 
are taken up by the same type of binding site, or 'calcium gate', which was hypo
thesized by Klingenberg [120], The hypothesis that alkaline earth competition may 
suppress radium adsorption and, hence, uptake appears to be in agreement with the 
observations of Rusanova [28], Taskaev et al. [84] and Marple [40]. A suppression 
of the uptake of strontium and barium has also been reported owing to the presence 
of calcium [121]. 
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Data which describe the rate of uptake of alkaline earth cations [119], or the 
total uptake of calcium as a function of the substrate concentration [122, 123], 
support the theory of root adsorption saturation. We suggest that this information 
may also explain the dependence of the CR on the substrate concentration. Uptake 
rate data for calcium or other alkaline earth ions increase asymptotically as a function 
of substrate concentration (nutrient solutions) toward a plateau value which may indi
cate saturation of the binding sites on the root surface and which limits the uptake 
rate (Fig. 1, Ref. [122]). Although the radium concentration in substrates may never 
approach the value required for saturation of the binding sites on roots, the concur
rent presence of high concentrations of calcium or other alkaline earths in the soil 
solution would contribute to the saturation of these binding sites [115]. Increasing 
substrate concentrations, therefore, may result in smaller additions to plant concen
tration owing to the continual saturation of adsorption sites on roots wkh competing 
ions. 

The ratio of the uptake to the substrate concentration is equivalent to the CR 
and, because of the saturation phenomena, is a function which decreases with 
increasing substrate concentration (Fig. 2). Relationships similar to this proposed 
dependence of the plant/soil CR on substrate concentration have been referred to 
elsewhere in the literature. For example, the relationship between the transpiration 
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FIG. 2. Ra concentration in plants as a Junction of substrate concentration (see text for 
details of the studies used to derive the function). 
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stream concentration factor (concentration of ions in the plant transpiration 
stream/concentration of ions in external solution) and the external concentration is 
a decreasing function for phosphorus and rubidium in barley and sunflowers and for 
sulphate in wheat plants [124]. The 'accumulation ratio' for cells in solution (solute 
in cell/solute in external solution) has also been documented to be higher at lower 
external concentrations [125]. 

Another factor which may limit the uptake of radium is a membrane discrimi
nation mechanism. The fact that the observed ratio (OR = (Ra/Ca in plants)/(Ra/Ca 
in substrate)) has been documented to be less than unity in plants [12, 126] indicates 
the existence of a discrimination mechanism of membranes involved in ion uptake 
from soil to plants. Epstein [125] also reported that the discriminatory power of plant 
membranes increased as the calcium concentration increased; however, this applies 
only at very low substrate concentrations because calcium is essential for the 
functioning of membranes and in maintaining the selectivity of the ion transport 
mechanism. Williams [115] speculated that this phenomenon might explain the 
decrease in the absolute uptake of radium in the presence of higher calcium 
concentrations. 

8.2. Verification from plant uptake data 

Calcium uptake data (Fig. 1 and inset) have shown dual saturation mecha
nisms, each operating over a separate range of substrate concentrations [122]. The 
uptake data in the low concentration range (see inset in Fig. 1) increases rapidly at 
first, followed by an asymptotic approach to a plateau value. This behaviour can be 
modelled by a function of the type: 

P = / , ( l - « - * ' ) (1) 

In Eq. (1), P is the plant concentration,/! and/2 are constants and s is the concen
tration in the substrate. At higher concentrations, the uptake increases rapidly, 
followed by a less steep uptake curve which is proportional to the substrate concen
tration (Fig. 1). This behaviour may be modelled by a function of the type: 

P = / , (1 - e-f*s) + f3s (2) 

where the constants are not the same in Eqs (1) and (2). We derived CR functions 
from Eqs (1) and (2), respectively, as the ratio of the functions to the substrate 
concentration: 

CR = — (1 - e~hs) (3) 
s 

C R = A ( 1 _ J.-/2*) + f3 ( 4 ) 

s 
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The CR for the calcium uptake data of Maas [122] is plotted in Fig. 1 and is evidence 
of the decreasing trend of the CR with increasing substrate concentrations. 

Radium uptake data accumulated from our literature review appear to behave 
similarly with regard to the saturation phenomenon. Although diere is substantial 
scatter in the data, the concentration of radium in plants increases rapidly at low 
substrate concentrations, followed by a less steep rate of increase (Fig. 2). 

The concentration of plant and substrate concentrations may vary significantly, 
depending upon the uptake response at the particular level of substrate concentration 
investigated. Variability in measurements owing to plant type, environmental condi
tions, sampling and analytical procedures will also affect the correlation of plant and 
soil concentrations. For example, Mukhin et al. [127] investigated the relationship 
between the radium content in vegetables and cereal crops and the concentration in 
soil. They stated mat the accumulation of 226Ra in plants grown in soil containing 
varying concentrations of it was contingent on the concentration in soil and also on 
the physical and chemical factors in the soil. Marple [40] noted a lower radium 
content in plants from sites with greater radium concentrations in tailings. Kalin and 
Sharma [43] found no correlation between radium in tailings and in Typha. 
Mordberg et al. [9] determined correlation coefficients (r) between grain and soil 
concentrations for 226Ra in several crop types: 0.61 for wheat, -0.1 for corn 
and -0.2 for buckwheat. They apparently also reported a function [117] to predict 
plant concentration: 

Y = (0.98 ±0.27) X 

where Y is die plant concentration and X is the soil concentration. This function 
predicts increasing plant concentration with increasing soil concentration and 
apparently applies to die uptake in wheat [128]. The relationship between the plant 
and soil concentrations for corn and buckwheat was not significant, whereas the 
correlation was positive for wheat. 

A few other autiiors have reported non-linear trends for the CR of radium and 
otiier elements. Verkhovskaya et al. [27] reported mat die CBA (coefficient of 
biological absorption) tends to decrease at higher radium concentrations in soil. 
Hersloff [129] documented that the CR for three plutonium isotopes in maize 
decreased as a power function with increasing soil concentrations over a range of 
0.004 to 37 Bq/g of soil concentration. Morishima et al. [130] apparently 
documented the non-linear relationship of uranium concentration in crop plants and 
in soil. Others [116], utilizing uranium uptake data from natural settings and from 
a controlled pot study, discussed further evidence which supports the non-linear 
hypothesis [116]. They stated mat it appeared that uranium may behave as an essen
tial element at low substrate concentrations, inferring that uptake is greater at low 
(deficient) substrate concentrations and constant at higher concentrations. This 
behaviour indicates a CR which is high at low concentrations and decreases sharply 
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to a constant value. They concluded that the CR concept was valid to predict uranium 
concentrations in plants when substrate concentrations are higher than approximately 
20 ;*g U/g (approximately 0.3 Bq/g for 238U); however, the CR would under-
predict at lower substrate concentrations. The CR, therefore, essentially becomes a 
constant value at soil concentrations greater than 0.3 Bq/g. 

In his review paper, Williams [114] reported two power functions for the 
radium CR as a function of substrate concentration. The functions and his source of 
data were: 

CR = 3.3 (soil concentration (pCi/g ash)"042 (Ref. 131]), 
CR = 0.43 (soil concentration (pCi/g ash)"040 (Rets [23, 26]). 
{Note: 1 curie (Ci) = 3.70 X 1010 Bq.) 

From the compilation of data in this review, we computed a functional relation
ship between plant and substrate concentrations and between the CR and substrate 
concentrations. Our analysis was based on plant and soil concentration data 
published in studies by De Bortoli and Gaglione [17], Dreesen and Marple [62], the 
second aumor (Ibrahim) and Whicker [37], Khademi et al. [23] (ash weight data 
converted to dry weight), Kirchmann et al. [33], Marple [40], Maslov et al. [26], 
Moffett and Tellier [39], Popova et al. [32], Rusanova [28], the first author 
(Simon) [34] and Tso et al. [20]. 

We fit the models of Eqs (2) and (4) to the data using non-linear least 
squares [132], resulting in the following functions: 

P = 0.04 (1 - e-51s) + 0.028s (5) 

0 04 
CR = -^— (1 - <T51) + 0.028 (6) 

s 

where P is the plant concentration and s is the substrate concentration (both in Bq/g 
dry). The standard deviations of the estimated CR parameters (i.e. 0.04, 5.1 and 
0.028) were 0.03, 4.5 and 0.02, respectively, with 84 degrees of freedom. These 
functions are plotted in Figs 2 and 3. Substantial differences between the environ
mental conditions of the various studies resulted, however, in a large degree of varia
bility of the data set. For this reason, the relationship between the plant and soil 
concentrations is difficult to determine with any significant statistical certainty. We 
also fit a linear function, a power function and an exponential function, plus a 
constant, to the CR data and compared the residual sum of squares (RSS). The two 
latter models compare very closely in terms of the RSS to that of Eq. (6), while the 
linear function did not. We believe, however, that Eqs (5) and (6) have greater 
biological significance than other types of functions in that they describe the uptake 
behaviour of calcium and other alkaline earth ions. 
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Substrate Concentration (Bq/g) 

FIG. 3. Concentration ratio for Ra in plants as a function of substrate concentration. 
Functions A and C are from Ref. [114], while B is from this paper, using Eq. (6). 

Equations (7) and (8), determined from our analysis, are power functions of 
the substrate concentration for the plant and CR radium concentration data. The 
radium CR power function (Eq. (8)) is presented for comparison with the CR func
tions reported by Williams [114]. In the following equations, s is the substrate 
concentration (in Bq/g dry): 

P = 0.097s0-64 

CR = 0.0975-036 

(7) 

(8) 

Figure 3 shows a plot of the two CR functions from Williams [114] compared with 
the function which we computed (Eq. (6)). It should be pointed out, however, that 
the functions from Williams were based on ash weight values, whereas our function 
used only dry weight. Although the plant and soil data used to compute our function 
are highly variable, the function is useful as a comparison with that reported by 
Williams, realizing that a much larger data set was used for our function. The graphs 
also further document that some form of dependence exists between the plant and 
soil concentrations and, hence, between CR values and substrate concentration. The 
relationship between soil and plant radium concentrations, as well as between the CR 
and substrate concentration, has been discussed in greater detail by these 
authors [133]. 
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The recommended value from McDowell-Boyer et al. [13] (see also 
Ref. [134]) for the radium CR for forage, hay and feed (dry weight) is 0.09. Their 
value is within three standard deviations of the constant value determined in our 
regression equation (i.e. ft + 3a = 0.028 + 3(0.02)= 0.09). We feel that the 
recommended value conservatively predicts the concentration in plants above 
1.5 Bq/g of substrate concentration. The value of 0.09, however, may underpredict 
concentrations in plants at lower substrate concentrations. 

8.3. Other comments on the CR 

Whicker and Schultz [86] discussed a number of weaknesses of the CR, includ
ing whether the plant and soil are in equilibrium (thus ensuring that the CR remains 
predictable). The choice of location and method of soil sampling is also of concern, 
particularly when soil contamination is non-uniformly distributed. The greatest 
weakness of the CR concept may be the lack of physical meaning which makes it 
difficult to predict the direction and degree of change if circumstances vary (e.g. 
other soil, plants, climate) [135]. 

Specifying the CR with respect to more than one of the many variables which 
may influence it requires an extensive database of CRs for radiological assessment. 
The usefulness of a single CR to predict the concentration in vegetables or grain 

from the concentration in soil may be severely limited owing to the large variability 
which has been reported. The lack of correlation between soil and plant activities in 
some studies does not support the constant CR hypothesis and may imply that the 
CR is inadequate for predicting 226Ra uptake by vegetation. 

Although the CR concept is a useful tool to predict food chain transport, the 
concept requires further evaluation and, possibly, modification. Some suggestions 
for refinement of the CR and the methodology used to predict plant contamination 
are noted here from the literature. Ng et al. [136] indicated that a reasonable 
approach may be to calculate a CR for each main crop type or, alternatively, if suffi
cient data exist, a CR for each main crop type and each main soil type. Van Dorp 
et al. [135] suggested a new approach for predicting concentration in plants via 
uptake which utilizes a selectivity coefficient, a transpiration coefficient and the 
annual production of dry matter. At minimum, we suggest that the CR be treated as 
a function of substrate concentration rather than as a constant value. 

9. CONCLUDING REMARKS 

Some new information resulted from this literature review; foremost may be 
what appears to be the dependence of the CR on substrate concentrations. The 
observed trend indicates a sharp decrease in the CR towards a constant or slowly 
decreasing value with increasing substrate concentrations. A similar trend was 
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computed from the uptake data for calcium ions as a function of substrate concentra
tion. Because of the wide variability of reported CR values, it is difficult to statisti
cally support a particular model. The computed function indicates that the CR for 
radium may increase significantly only at substrate concentrations lower than 
1.5-2.0 Bq/g; however, this range may vary with the concentration of other compet
ing ions, particularly alkaline earths. 

Other information brought to light as a result of this review is the variability 
of measured values and their distributions. For example, concentrations in different 
plant types grown under normal environmental conditions (Table I) were distributed 
lognormally in approximately three-quarters of the studies that furnished adequate 
data for calculations. For these studies, it was not possible to determine the distribu
tion of the ratios because matched plant and soil pairs were not measured or reported. 
In other studies, concentrations in plant groups were distributed lognormally, though 
the CR values were not always distributed the same (e.g. Ref. [37]). In at least one 
study (i.e. Ref. [94]), data on plant concentrations were determined to be lognor
mally distributed and the CR was assumed to follow a similar distribution because 
the soil contamination was assumed to be uniform. Apparently, plant concentrations 
are often distributed lognormally, but the CRs may not necessarily behave in the 
same manner. Different mean value estimators yield close results in some cases and 
significantly different results in others. Analysing the distribution of plant and soil 
concentrations as well as the ratios may yield information that is valuable in 
determining the best estimator for plant uptake and potential environmental 
contamination. 

Several ways to improve the quality of future investigations are suggested. 
Most low level radium measurements suffer from large error terms associated with 
analytical uncertainty. Increasing the sample mass and the number of samples 
analysed, as well as using highly sensitive measurement techniques (e.g. radon 
emanation for 226Ra) are recommended to reduce such uncertainty. Results from 
greenhouse and laboratory experiments should be interpreted with care, since condi
tions and results may deviate significantly from those under natural conditions. In 
order to determine the distribution of the computed CRs and choose an appropriate 
mean value estimator, researchers are advised to select plant and soil matched pairs. 

Data reported in the literature can be easily compared through a uniform 
approach and by utilizing accepted terminology. Our suggestions to improve data 
reporting are to clearly state the following to permit comparisons with other studies: 
the experimental and environmental conditions, the source of radium contamination 
and its chemical form, methods of sample collection and preparation (e.g. vegetation 
washing), the analytical procedure used and the estimated lower detection limit, 
weight units (g, kg, etc.), the weight basis (fresh, dry or ash) and the conversion 
factors. We also suggest the universal acceptance of the term concentration ratio 
(CR) rather than a variety of terms (e.g. concentration factor, CBA, etc.) and clear 
definitions regarding elemental availability and mobility. 
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The lack of information in certain areas justifies additional efforts. Some of 
these areas include: plant species uptake differences, the kinetics of radium 
movement across root membranes and within plants, the degree of foliar absorption, 
the effects of calcium and other cations on radium uptake (determined under 
controlled conditions), the chemical forms of radium in soil and in plants, the 
differences in availability for radium isotopes, the effect of organic matter in soil on 
radium mobility, recycling mechanisms from plant to soil, including leaching and 
weathering half-times. We also recommend additional consideration of the concept 
that the CR may be treated as a function rather than as a constant. 
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