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EXECUTIVE SUMMARY
Background and Motivation

South Africa is endowed with a vast wealth of mineral resources typified by the
extensive gold deposits in the Witwatersrand region. [n contrast, water resources are
limited and are vulnerable to environmental impacts from the mining industry.

In the processing of South African gold-ores, uranium occurs as a by-product while
several other radicactive isotopes from the uranium and thorium decay chains nocably
““Raare also present. The average uranium concentracion in the ores (< 0,01%) is at
least an order of magnitude lower than that mined in the rest of the world. The large
volumes of ore processed for gold production, however, result in an appreciable
production of uranium. Gold mining on the Witwatersrand has been in progress since
1884 and by 1987 a tatal of 3 x 10°t of tailings were produced, covering a surface area
of about 6500 ha. These tailings contain about 120 000t of unrecovered uranium whilst
the radium residues of a further 30 000t of recovered uranium have been dumped with
milled residue on slimes dams since 1952.
Because the volume of solid wastes in tailings is so immensely large, it is impossible to
isolate these tailings from the environment over a prolonged period of time {de Jesus
et al., 1987). In addition, these mining activities and tailings on the Witwatersrand are
in the close proximity to densely populated areas as well as agricultural land. These
mines and tailings are spread over an 80 km long strip with approximately 3,8 million
people living within 20 km of this area. It is therefore unavoidable that radium and
uranium contaminaced leachate may reach dams, lakes and streams which are accessible
to either the public or agricuitural land. Contamination of surface waters such as lakes
and rivers may also occur by direct discharges of large volumes of radioactive process
water or underground mine water into such water bodies. Farming practices can
transfer contaminants to the terrestrial environment and thus to livestock, crops and
vegetables. In turn, persons may be exposed to various radioactive contaminants,
Uranium is known to have both radiotoxic and chemotoxic properties. Rais a
daughter product of uranium wich a physical half-life of 1600 years and being a
boneseeker, has a biological half-life of 48 years. It has a high degree of radiotoxicity.

A number of local studies have in the past been conducted to determine the occurrence
of Ra in the environment as well as in agricultural produce (Malan, 1981; de Jesus
et al., 1987; Funke, 1990). However, none of these were aimed at determining the
Concentration Ratios (CR) for transfer of these radionuclides to crops and livestock and
the subsequent potential dose to humans.

The studies reported here inter-alia address these shortcomings for both uranium and
radium. The need for investigation of such environmental impacts in South Africa has
in recent years received fresh impetus by the requirements of the Council for Nuclear
Safety, who is licensing affected mines under the Nuclear Energy Act and the
Government Mining Engineer, who requires an Environment Management Review Plan
under the Minerals Act.



Objectives and Scope
The investigation had the following objectives:

> Selection of suitable localities where 2“Sl:ta and uranjium might be present in
significant concentrations. Such localities are those subject to mine drainage
effluents which are in close proximity to gold and uranium mines as well as

agricultural areas located in the immediate vicinity of such mines in the greater
Witwatersrand area.

> Monitoring of these radionuclides from the point of release and, where possible,
via aquatic to terrestrial ecosystems.

> Determination of the levels of these radionuclides in water, soll and agricultural
products such as vegetables, milk and meat from farms potentially affected by
contaminaced effluents from mines and calculation of relevant concentration
ratios.

> Experimental study to determine with different irrigation schemes the amount
of Ra uptake through the leaves and roots of two vegetables. For the

purpose of this experiment, two commercial strains of beetroot and cabbage
were chosen.

> Calculation of the potential dose to man via different pathways using
mathematical models.

The localities studied were limited to non-mining property except in isolated cases.
The emphasis was on the aquatic pathway of release from mining property. The
contribution of contaminated dust and radon gas emanation from mine dumps to the
radiclogic dose of the public was not investigated and merits a separate investigation.

Results and Conclusions

A practical difficuity in the project was to identify areas with the combination of
agricultural production, irrigation with mine-related water and that concencrations of
radionuclides in the water be significant. Only a few meeting all the criteria were
identified. One could conclude for the Witwatersrand area that no major agricultural
production occurs with significantly contaminated water. Individual localities probably
exist where concentrations could be high or could in future be high if mine effluent
loads increase.

The high cost of radionuclide analysis particularly for 226Ra did not allow, in some
cases, sufficient samples to be collected and analyzed to provide adequate statistical
confidence in comparisons between sites and between countries.

The data available for concentration of radium and uranium in water from the localities
sampled indicates levels generally well below guideline values . Luipaardsvlei, however,

had uraniumn values somewhat above the guideline value of 44 ,ug.ﬂ“l. Conc_entratinn
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values for uranium in soil were variable and above background reference levels in the
USA,

The radium values for rooted emergent aquatic macrophytes indicate that such plants
are scavenging radium from the reducing conditions in anaxic sediments.
Concentrations of uranium and radium in aquatic plants and fish were generally lower

than in other uranium mining countries, which correlates with the much lower ore
concentrations locally.

The vegetable concentration ratio values {water) were generally greater than those
relative to soil. This is, however, not an indication that more radium or uranium is
taken up from the water, but just that the cancentrations in the water are less than in
the soil. In this study the highest concentration used for irrigation by a farmer was of
the order of one hundred times lower than the radium concencrations in the soil. The
crop uptake is more strongly dependent on the soil concentration than that in the water.
The expected buildup of radium in soil due to irrigation is anticipared to be negligible.
The concept of concentration ratios is useful but has a limitation particularly the lack

of easily interpreted physical meaning. It should preferably be defined tagether with
other field variables.

The concentration of uranium in farm grown vegetables had values generally greater
than those from background areas in other countries. The radium values in the
vegetables were similar to overseas values and in the case of lettuce, much lower. A
statistically valid background site of date was not established in the study, so the high
trend in uranium concencration can not be placed into perspective.,

The dose assessment results for reasonably realistic, yet conservative assumptions for
water and vegetable consumption show that doses to a maximum will be of the order
of 1% of the annual limic of 250 pSv. Radium, as expected, has a higher contribution
than uranium. If the drinking water radium concentration were a factor 5 higher, i.e.
equal to the current EPA(USA} limit of approximately 0,2 Bq.f.'?fl then the annual
commited effective dose dose would be 39 uSv, still well below the dose limit. Only
infrequently, and then very close to mine properties, have such concentrations been
observed locally. Similariy a factor 5 or 20 increase in vegetable concentrations will
still leave a good margin below the limic. Obviously, production of crops on mine dumps
should be prohibited or strictly controlled as evidenced by the individual results from
oats production.

The data collected in this study in the Witwatersrand area shows that no member of the
public is expected to be exposed via aquatic pathways to any significant dose. If mine
effluents are controlled to less than 0,2 Bq.£™ " radium and less than 0,5 Bq..ﬂ-l uranium,
the doses received from various aquatic pathways should be well within dose limits set.
The concentration values quoted here are not intended to imply these should be
concentration limits. Control limits are set by CNS on site specific assessments. The
collective dose to the high density population of the Witwatersrand on a whole was not
considered in this study but for the aguatic pathway it is expected to be low.
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The contract objectives have largely been met. Localities where irrigation of
agricultural crops with contaminated mine water were identified. There couid,
however, be affected sites that were not identified in the Witwatersrand area but the
general trend indicates no major problem.

Various aquatic fauna and flora were sampled together with available agricultural crops.
In many cases concentration ratios could be derived. The major limitation in the
project however was the constraint imposed on the number of samples analyzed due to
the high cost of radionuclide analyses. This limitation prevented in some cases

statistically robust averages or trends to be determined. Relevant generalisation could
however be made.

The pot experiment yielded useful data on radium uptake in roots and leaves of selected
vegetables for flood and spray irrigation. Various aspects can be deduced from the pot
experiments:

» relative to high concentrations of radium in the water the results show that the

leaves of both beetroot and cabbage have about the same CR, while the roots of
cabbage have a greater CR than those of beetroot.

> the difference between the effects of root only {or flood) irrigation and root plus

leaf {or flood plus spray) irrigation is greatest for the beetroot where there is
about x2 increase in soil CR and x4 increase in water CR.

> there is a transfer of radium from the leaves of the beetroot to its roots with
spray irrigation.

> the actual concentration in the beetroot vegetable is greater than that in the
cabbage.

The canclusion is that beetroot {and possibly other roct crops) are more vulnerable to
radium cortamination than cabbage (or leaf crops) and that flood irrigation only is
preferred to limit possible uptake. The latter is relevant to high water concentrations
of radium but may not be the case for much lewer concentrations found in practice.

The objective of modelling the dose to man was achieved and indicates the important
roie of radium in the water pathway.

On the zoological and botanical front, the concentration values for radium and uranium
in certain species are the first reported in the literature. The relative concentrations
in the aquatic food chain algae - fish - birds is of interest.

The further knowledge gained will be useful to mines that have to licence their
operation in terms of the Council for Nuclear Safety's regulations under the Nuclear
Energy Act. The general environmental impact studies (EMPR) required by the Minerals
Act will also benefit from this study. With the growing population density in the
Witwatersrand region the pressures for agricultural preduction and housing will encroach
increasingly existing mine boundaries. Land users and planners will have to allow for
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the possibility of occupying contaminated land and water. This study alercs developers
and mine owners to do preliminary studies on radionuclide levels in water, sediments and
land, particularly where agricultural production occurs. This will assure the public that
potential doses are well within limits.

ABSTRACT

Investigations were made into the occurrence and concentration values of 22ﬁRa and
uranium in some gold and uranium mine peolluted aquatic environments in the Transvaal.
An overview is given on aspects of the possible environmental effects of 22ERa and
uranium as well as background data on factors affecting the biological uptake and
transport of both radionuclides in some terrestrial and aquatic organisms. A brief
discussion is given on the prevailing physical and chemical conditions of the irrigation
water and agricultural soils at three localities where analyses were made for the
presence and concentrations of both radionuclides in the water, in stream sediments,
in selected aquatic plants, in a decapod macro-invertebrate, in fish and in water birds.
In order to evaluate the potential effects of these radionuclides on man, studies were
also conducted on the concentration ratios of Raand uranium in these organisms and
the abiotic environment in which they occur, including selected vegetable crops
irrigated with mine polluted river water. The experimental uptake of radium by
beetroot and cabbage under controlled environmental conditions was also investigated.
These data were then used in a dose assessment model looking at various potential
pathways of both radionuclides to man including via soil, drinking water, vegetables, a
cereal and fish.

Field results obtained showed that in virtually all cases the presence and concentrations
recorded for both radionuclides were {(and possibly are also at other affected areas) at
least an order of magnitude lower than concentrations found in countries such as Japan,
Germany and the USA, and that in all cases concentration values found for both
radionuclides in the present study fall below the maximum recommended guideline
values laid down by the Council for Nuclear Safety (CNS) of South Africa.

The dose assessments for the scenarios chosen indicate that the annual effective dose
for uranium and radium is a fraction of the maximum allowable limit for members of
the public. However it is possible that certain site specific concentration values may
require contrels to limitc expasure.
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1 INTRODUCTION

Gold mining on the Witwatersrand has been in progress since 1884 and by 1987 a total
of 3 x 107t of tailings were produced, cavering a surface area of about 6500 ha (de Jesus
et al., 1887). These tailings contain about 120 000t of unrecovered uranium whilst the

radium residues of a further 30 000t of recovered uranium have been dumped with
milled residue on slimes dams since 1952.

In the processing of South African gold-ores, uranium occurs as a by-product (Feather
& Koen, 1975; Wittmann & Forstner, 1977; Malan, 1981) while several other radioactive
isotopes from the uranium and thorium decay chains are also present. The average
uranium concentration in the ores (< 0,01%) is at least an order of magnitude lower than
that mined in the rest of the world (Funke, 1990). The large volumes of ore processed
for gold production, however, result in an appreciable production of uranium. As a
result, South Africa was the third largest producer of uranium in the world in 1987 with
a quantity of approximately 5000t of U3Og. Although the uranium production of South
Africa decreased to approximately 2000t in 1992, it is at this level still appreciable in
volume (Ainslie, 1992).

If an equilibrium exists in the natural decay chain of 238U, every kilogram of 23BU is
assocj)ated with 3,3 x 107 g of “““Ra. As there is no present economic use for radium,
the “““Ra occurring with the uranium is usually returned to the tailings dams. Ra
has a half-life of 1620 years and decays to 222Rn (radon}, which is a gas and which can
then emanate from slimes dams. “Rncan have detrimental effects on man when its
solid radicactive decay products (218130, 214F't:, 214Bi, 21'4Po, 210pg) attach themselves
to airborne particles which can be inhaled. It is estimated that these radioactive
particles are by far the largest contributor of total radiation exposure to man {90% and
over) (Funke, 1990). However, because radon gas has a short half-life of 3,8 days, most
of it decays into solid decay products before it reaches the surfaces of slimes dams
(Funke, 1990). The total amount of Raassociated with the recovered or unrecavered
uranium is approximately 50 000g, or an equivalent of 1,85 x 101513q.

Because the volume of solid wastes in tailings is so immensely large, it is impossible to
isolate these tailings from the environment over a prolonged period of time (de Jesus
et al., 1987). In addition, these mining activities and tailings on the Witwatersrand are
in the close proximity to densely populated areas as well as agricultural land. These
mines and tailings are spread over an 80 km-long strip with approximately 3,8 millian
people living within 20 kmn of this area. It is therefore unavoidable that radium and
uranium contaminated leachate may reach dams, lakes and streams which are accessible
to either the public or agricultural land. Contamination of surface waters such as lakes
and rivers may also occur by direct discharges of large voelumes of radioactive process
water or underground mine water into such water bodies. Affected streams usually
bypass tailings dams which have a normal adsorption capacity for 22615413 (Funke, 1990},

It is therefore inevitable that radioactive material can enter aquatic ecosystems such
as lakes, rivers and wetlands in the Transvaal. These radionuclides can furthermore be
present in irrigation water pumped from these water bodies when it is utilized by
farmers and, in the process, are transferred to the terrestrial environment, Once in the
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terrestrial environment, these contaminants can then be taken up by livestock or
accurmnulated by crops and vegetables via the soil.

226Ra, being an alpha emitter and a bone seeker with a biological half-life of 48 years,
is known to possess a high degree of radiotoxicity and exhibits a health hazard when it
enters the human body either by ingestion or inhalation (Neuman et al., 1955), Uranium
is also known to have both radiotexic and chemotoxic properties.

Taking into account the potential radiotoxicity of 226R, and uraniurn, some local
studies have in the past been conducted to determine the occurrence of b26}3{3 in the
environment as well as in agricultural produce (Malan, 1981; de Jesus et al., 1987;
Funke, 1990). However, none of these were aimed at determining the Concentration
Ratios (CR) for transfer of these radionuclides to crops and livestock and the subsequent
potential dose to humans.

This project was inictiated on the basis of this background, and with the following
research aims in mind:

> Selection of suitable localities where 226Ra and uranium might be present in
significant concentrations. Such localities are those subject to mine drainage
effluents which are in close proximity to gold and uranium mines as well as
agricultural areas located in the immediate vicinity of such mines in the greacer
Witwatersrand area.

> Monitoring of these radionuclides from the point of release and, where possible,
via aquatic to terrestrial ecosystems.

> Determination of the levels of these radionuclides in water, soil and agricultural
products such as vegetables, milk and meat from farms potentially affected by
contaminated effluents from mines and calculation of relevant concentration
ratios.

> Exgerimental study to determine with different irrigation schemes the amount
of 26Ra uptake through the leaves and roots of two vegetables. For the purpose
of this experiment, two commercial strains of beetroot and cabbage were chosen.

> Calculation of the potential dose to man via different pathways using
mathematical models.
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2 LITERATURE REVIEW
2.1 Uranium resources in South Africa

Minute amounts of uranium are present in every type of rock and secil in the earth's
crust. The maost extensive uranium deposits are mostly found in South Africa, Zaire,
France, Czechoslovakia, Australia, Brazil, Canada and USA (Fisher, 1988). South Africa
has the third largest uranium resource (294 000 t) in the Western World. An estimated
68% of the South African low caost reserves occurs in the Witwatersrand conglomerates
and tailing dumps, 29% in Karoo sandstone and coal deposits and 3% in the Phalaborwa
complex {Ainslie, 1993). Estimates on the average content of uranium in the
Witu.r)atersrand ores (usually uraninite) vary between 0,05 and 0,2 kg Uaoa.t_l ore {Smit,
1989},

The auriferous conglomerates in the four contiguous Precambrian systems, namely the
Dominion Reef, Witwatersrand, Ventersdorp and Transvaal systems contain the major
concentrations of uranium minerals in Sguth Africa. OF these, the Dominion Reef and
Witwatersrand complex are the most important uranium resources. Alchough not
geologically conformable, these four systems together cover tens of thousands of square
kilometres in the Transvaal and the Orange Free State (von Backstram, 1976).

2.2  Nuclear properties of uranium

The element Uranium, named after the planet Uranus which was observed only a few
years earlier, was discovered in 1789 in pitchblende samples by the German metallurgist
and chemist, Klaproth. Uranium-238 has a long half life of 4,5 x 10” years. Because
of its low specific (alpha only) activity, uranium itself is regarded as having a relatively
low radiotoxicity. Its radionuclides, however, decay into a complex series of isotopes
of the elements thorium, protactinium, radium, radon, polonium, bismuth, thallium and
lead, some of which are significant sources of natural radiation in the environment, or
in the human body, following its dietary intake (Long, 1987},

2.3 Uptake, metabolistn and physiology of uranium in plants, animals and humans
2.3.1 Effects on micro-organisms and plants

According to Burkart (1991) no infarmation exists on the chemotoxic or radiotoxic
effects from natural and industrial sources of U, Th and their decay products on micro-
organisms or plants.

2.3.2 Non - radiological effects of uranium in humans

The chemical form and solubility in body fluids of uranium determines the biokinetics
and metabolism of this element in man (Scott, 1973). The compounds UF4, UO,,
UO4(NH4)9U509, UQO3 and uranyl nitrates are moderately transportable in the human
body, while UqQg and uranium hydrides and carbides are mostly insoluble and only
slightly transportable (Morrow et al,, 1966). Biologically soluble uranium is absorbed
into the blood from where it is filtered out by the kidneys and excreted via the urine.
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A certain amount of uranium present in the blood stream is also taken up by the
skeleton where it first deposits on the bone surface, but later redistributes in the bone
volume (Bernard & Struxness, 1957). Uranium also tends to deposit in soft tissues in the
body, especially in the kidneys. The metabolism and excretion of hexavalent uranium
by the kidney has been described by Morrow et al. (1982). According to Hodge {1973)
high doses of uranium exposure to man also has an effect on the blood vasculature
throughout the body. Because of the effects of uranium on the blood chemistry,
capillary permeability, blood pressure and edema may increase while the clotting ability
of blood may decline. Minor damage in liver and muscle tissue may also be induced by
uranium. The effects of uranium on the nervous system may be similar to those from
poisoning by other metals (Yuile, 1973).

2.3.3 Somatic and hereditary effects of radiation

Besides its chemotoxic properties uranium is alse radiotoxic, All substances known to
emit jonizing radiation are considered as potentially inducing somatic or hereditary
effects (Internationat Commission on Radiological Protection {ICRP) ,1977). Hereditary
or mutagenic effects affect the descendants of an exposed individual while somatic
effects occur in the individual himself. Non-malignant damage to the skin, minor
damage to tissue, carcinogenic effects and teratogenic effects are examples of somatic
effects. Teratogenic effects are induced at high doses of jonizing radiation {Coggle,
1983). It may also result in developmentcal defects leading to impaired brain functions
such as severe mental retardation. A case which clearly illustrates this phenomenon
was the occurrence of severe mental retardation among the prenatally exposed survivors
of the atomic expiosions at Hiroshima and Nagasaki during the second world war {(Otake
et al., 1987). This is, however, an example of severe radiation effects. Somatic as we!l
as hereditary effects of radiation are usually considered as stochastic or deterministic
(ICRP,1877). Deterministic {or non-stochastic) effects are those where the severity of
the effect may vary wicth dose, and a threshold thus exists below which the effect
cannot be determined. Stochastic effects, on the other hand, are those where the
probability of an effect occurring is a function of the dose (without threshold).

Although uranium is known to be chemotoxic and radiotoxic, the unstable decay
daughter isotopes of this element are more hazardous, both in the occupational and non-
occupational environments as they are major contributors to the total radiation dose
(Burkart, 1991), The ICRP {1991) suggested an annual limic for a radiation worker on
intake of uranium via ingestion as high as 3 x 10™ Bq or about 200 g of natural uranium.
This statement by the ICRP (1890} is seen by many as conservative.

2.4 Tolerance levels and limiting concentrations of uranium

2.4.1 Normal daily intake and assessment of uranium levels in food groups
According to Wrenn et al. (1983), the average dietary intake of uranium from foods and
water is about 1,75 gg.day™ ", while the population-weighted average for drinking water

in the United States is 1,2 ug.e‘l {Lappenbush & Cothern, 1983}). ICRP (1975) assumes
that a standard man has a daily intake of uranium via food and fluids of 1,9 pg.



A comprehensive investigation on the uranium content of human dietary items was
conducted by Welford & Baird (1967). This study was primarily aimed at establishing
typical levels of uranium intake by man and was conducted for typical diects in New
York City, Chicago and San Francisco (Table 2.1). These results showed that although
there were geographical variations in uranium content of individual foods, the total
annual intake for the three cities were nearly similar. More than 70% of the annual
intake of foodstuffs came from potatoes, meat, fresh vegetables and bakery products.
Based on these figures, the calculated daily mr,ake of uranium was 1,3 gg.day * for New
York, 1,4 pg.day” ! for Chicago and 1,3 pg.day” I for San Francisco.

Hamilton (1972) determined the uranium content of a variety of [foodstuffs
representative of the United Kingdom diet including cereals, vegetables, meat, eggs,
fish and milk. The average intake (g/person/day) is also represented while the annual
intake (¢g) and percentage annual intake was calculated. Results show that starchy
roots {138 ug : 35%) represent the biggest portion of annual intake of uranium, while
items such as eggs {3 ug : 0,9%), fish (3 g : 0,8%) and milk (2 ug : 0,5%) provided the
lowest portions of the annual intake.

2.4.2 Chemical toxicity threshold to uranium

Although little data are available on humans, extensive research on animals has been
conducted on the threshold tolerance limits for exposure to uranium. The renal injury
threshold is estimated at 10 pg U (as UOqF9).kg™ (body weight) for dogs and about 100
ug U.kg'1 for rats (Morrow et al., 1982). The threshold level for man is estimated to
be between those of rats and dogs, being about 70 ,ug.kg"l (bady weight}. This estimated
value corresponds to a renal injury threshold concentration value of 16,3 pg l.I.g"1 kidney
tissue in man. Morrow et al. (1982) however found that a steady-state concentration
‘of 3 pg I.IC)QFz.g']L {tissue) was sufficient to produce the typical symptoms of uranium
poisoning in animal experiments. These results therefore raised questions on the
suitability from a chemical point of view of currently recommended exposure limits,

The chemical toxicity of uranium varies according to its compound form. While
insoluble uranium compounds are the least toxic, toxicity increases with chemical
solubility. According to Morrow et al. (1982), the most toxic uranium compound is
UQ4yF9, passibly due to the additive effects of exposure to hydroflouric acid (HF) which
originates from the original uranium compound in solution.

2.4.3 Summary

Uranium is an ubiquitous element found primarily in high concentrations in primordial
sources, phosphate fertilizers and the nuclear fuel cycle. The major transfer-pathway
of uranium into crops seems to be by root uptake with concentration ratios for soil
ranging between 107" and 1074 {Long, 1987}, The concentracion of uranium in food
materials is therefore commonly low but it is known that uranium levels are more
significant in root and leafy vegetables than in meat, fish and milk {Long, 1987).
Although substantial information is available on the occupational exposure and intake
of uranium and uranium compounds, little information is available on the role of
uranium in food chains and more studies are needed on this subject.



Table 2.1: Annual intake of uranium through various agricultural crops from New
York, Chicago and San Francisco. {After Welford & Baird, 1967).

Uranium intake pg.year'l
Group
h New York Chicago San Francisco
Bakery products 66 58 58
Grain products 16 16 16
Eggs ' 3,4 3,4 3,4
Fresh vegetables 25 23 44
Root vegetables 12 9,4 12
Milk 18 31 62
Poultry 2,7 B,4 3.6 .
Fresh fish 3,4 6,8 . 4,5
Flour 23 14 8,4
Macaroni i,2 1,4 1,9
Rice 5,8 18 4,3
Meat 79 104 46
Shellfish 9,5 29 31
Dried beans 4,5 11 11
Fresh fruit 76 76 42
Potatoes 111 101 101
Canned fruit 4,2 6,4 4,0
Fruit juices 1,1 L1 3,4
Canned vegetables 4,0 2,0 2,0
Total 463,8 522,9 462,53

Figures based on average food consumption (USDA ,19355).



2.5 Historical introduction and overview of radium
2.3.1 Nuclear praoperties of radium

In 1898 Pierre and Marie Curie discovered the new element polonium and "a new
element with very curious properties” (Curie et al., 1898) which was found to be nine
hundred times (later found to be over a million times) more radioactive than uranium.
It was also found to be chemically similar to etlement 56 in group lIA, Barium. This
element was named "radium™ after the term "radioactivity" which was used to describe
the spontanecus disintegration of matter.

Altogether twenty-five isotopes of radi%n have been identified. The most abundant of
these naturally occum jgzisu:.ltcupes are “““Ra (““°U daughter : a-emitter : half life of
1622 years) and 2 Th daughter (mesothorium) : B-emitter : half life of 5,8 years)
(Williams & Kzrchmann 1990).

2.53.2 Uses, health hazards and environmental effects of radium

Radium was initially utilized as a source of radioactivity for industrial and medical
radiography. It also provided valuable information about radicactivity and the structure
of matter. In the field of medicine, radium was especially used in the treatment of
cancer.

Although the applications of radium provided a benefit to medicine and industry, the
hidden dangers of this element soon became apparent. Following the subsequent illness
of Marie Curie after handling quantities of this element, a New York dentist described
in 1924 a disease diagnosed in a luminescent dial painter as "radium jaw". This was
followed by a description of anaemia resulting from occupational poisoning (Martland
et al., 1925) and five deaths from "jaw necrosis”" in a factory (Flinn, 1926). Due to its—
alkaline earth behaviour, Ra intake leads to its deposition in the human skeleton
(Burkart, 1991). Following these deaths and many other radium poisoning related cases,
the International Committee on X-Ray and Radium Protection, the forerunner of the
present ICRP was established. At that time (1940), only 1,4 kg of radium had been
extracted from the earth, but it was responsible for the deaths of more than one
hundred people (Williams & Kirchmann, 1990).

A few years after the discovery of radium in uranium ores, it was commonly found in
the environment. Tsivoglou et al (1958} was the first to identify radium as an
environmental pollutant from the uranium industry during investigations in the Colorado
Plateau area in the USA, Since similar reports by Havlik {1970) in Czechaslovakia and
Kirchmann et al. {1973) in Belgium, radium contamination of the aquatic and terrestrial
environment originating from uraniumn, gold and phosphate mining and milling has been
identified in many areas over the world, including South Africa.

The decay product of 22E;Ra, 222pn as well as its short lived decay products are mostly
found in mines and the indoor environment where Rnoccurs as a gas. Currently the
best quantified occupational disease is the link between Rndecay products in mines
and the occurrence of lung cancer amongst mine workers (Thomas et al., 1985 ;



McMichael, 1989).

2.6 Biological uptake and transport of radium by aquatic plants and animals

2.6.1 The mechanisms of radium uptake and transport

Due to the similar chemical properties of radium and calcium as well as the other
alkaline earth elements such as Mg, Sr and Ba, it can be anticipated that radium may
be taken up by cells via the same mechanism as the latter elements (Williams, 1984},
Accordingly there could be a correlation between radium uptake across cell membranes
and/or its distribution within tissues with that of calcium (Williams, 1984).

Investigations conducted by Williams (1982) showed that among 40 samples of aquatic
and semi-aquatic macrophytes which rezuzréesented 19 species, there was no significant
correlation between the distribution of Ra and the elements Ca, Mg, Na, Cu, Zn, Fe
and S. A positive correlation existed, however, between 22 Raand Mn concentrations.

2.6.2 Agquatic plants

A certain number of qualitative and quantitative factors exist which either promote or
constrain radium accumulation by aquatic plants, namely:

> mechanisms at cellular level,

> the rate and extent of radium accumulation by the whole plant,

> accumulation from sediment and translocation within plants and

» the role of plants in radium cycling within the aquatic environment (Williams, -
1990).

It has, however, been stated by Coughtrey & Thorne {1983) that no attempt has yet been
made to construct generalized dynamic models of accumulation and retention of
radionuclides by aquatic plants. This is especially true for radium and where there is
no information available, general principles are illustrated from relevant information
on other trace metals such as radiocactive Sr (Pally & Foulquier, 1983) and Ca.

2.6.3 Conceatration ratios

All living organisms obtain their nutritional or elemental needs through the processes
of ingestion, absorption and adsorption. Alternatively, these elements may be lost
through exchange, excretion and decomposition (Conway et al, 1974). The
concentration of an element in aquatic and terrestrial organisms is usually expressed
as a concentration ratio, i.e. the ratio between the amount of element per unit weight
of organism compared to that of an equal weight of surrounding medium, being water,
sediment or seil. However, a concentration ratioc is only valid if a condition of
equilibrium exists between the concentrations in the organism and in the water,
sediment or soil. Therefore, under these conditions, the rate of elemental uptake is
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balanced by turnover or exchange of elements {(Conway et al., 1974). Another definition
is provided by Hoffmann et al. {1977) which states that traditional food chain models
require a plant/substrate transfer coefficient, referred to as a Concentration Ratio
{CR). This ratio describes the amount of nuclide expected to enter a plant from its
substrare, under equilibrium conditions.

If the definition of CR is accepted as a constant, rather than a function, the CR
approach requires us to assume that the plant and substrate concentrations are linearly
related. The line defining the relationship goes through the origin of the representative
graph. This assumption implies that, under comparable conditions, the CR for an
element is constant regardless of substrate concentration (Sheppard & Sheppard, 1985).
However, it is a poor assumtion in some situations to accept that the plant and
substrate concentrations are linearly related (Simon & Ibrahim, 1990). According to
these authors the linearity assumption infers that the CR is the slope of the linear
relationship of plant concentration as a function of soil concentration. However, the
regression approach (i.e. the slope of plant concentration versus soil concentration in
computing CR was found to be unsatisfactory by Gilbert & Simpsan {1983) when there
was any possibility that the data were lognormal rather than normal. From a statistical
bias point of view the regression estimate of the CR is not a preferred estimation, even
in the case of normally distributed data (Simon & Ibrahim, 1990). While examining
uptake data for 12 biological systems, Williams (1982) came to the conclusion that the

linearity assumption for the uptake of radium can only be validated for freshwater
algae,

Williams (1982) observed that a non-linear uptake response by terrestrial plants to
increased radium concentrations in the substrate may be one factor accounting for nan-
linear CR ratios. Sheppard & Sheppard {1985) also stated that the lack of correlation
between plant and substrate concentrations could be explained if the element {radium
or uranjum) was mimicking an essential element. This would also, according to these
authors, lead to a noo-linear relationship between the CR and the substrate
concentration at low concentrations. Sheppard & Sheppard (1985) also observed that
uranium rmay behave as an essential element {mimicry} at low substrate concentrations.
In the case of uranium, it was observed that if the CR value was used to predict plant
concentrations from substrate uranium concentrations, it will underpredict plant
concentrations if the substrate uranium concentration was less than 20 pg.g'l.

It has been found (Epstein & Leggett, 1954 ; Fried & Shapiro, 1961} that competition for
adsorption binding sites on root surfaces exists between alkaline earth elements. In sails
with high concentrations of alkaline earth cations, radium uptake by plants may be
supressed due to adsorption competition. A hypothesis on membrane protein oligomeric
structure and transport function (Klingenberg, 1981), gave rise to the thought that
radium and other alkaline earth elements are taken up by the same type of binding site,
or "calcium gate™ on the cell membrane (Williams, 1984). Rusanova (1964), Taskaev et
al. {1977) and Marple (1980) also came to the same conclusion that alkaline earth
competition may suppress radium adsorption, which is generally in line with the
hypothesis of Klingenberg (1981}, The presence of calcium in the soil can even supress
the uptake of strontium and barium, and not only radium (Wallace & Romney, 1971).



Maas {1969) has shown with uptake by maize roots that the uptake rate of calcium or
other alkaline earth ions increase asymptotically as a function of substrate
concentration {or nutrient solution) towards a platesu value which may indicate

saturation of the root surface binding sites and which therefore limits the uptake rate
of elements.

Williams (1984) has shown that although the substrate radium concentration may never
reach the saturation value required for bhinding sites on roots, these sites would always
be saturated due to the concurrent contribution of calcium and other alkaline earth
elements to these sites.

Available published data on the biological uptake of radium consist mostly of fieid
survey results where the radium concentrations of the dietary items [Q)] is compared to
that of the supporting water medium or sediment [C), From this, the bioconcentration
factor (BF) or Concenctration Ratio (CR) for radium can be calculated:

CR = [Q] / [C] ~=mrrmmev (1)

According to the ICRP (1979) and the United States Nuclear Regulatory Comrmission
(USNRC]) (1980), a possible linear relationship exists between [Q] and [C], This implies
that CR is independent of [Cl. In the expression of resuits on the Ra uptake by
algae, aquatic vascular plants, insects, fish and mussels, the data are usually assembled

in log[Q] vs. log{C] plots and the linearity of the graph tested using the standard error
of regression.

Organisms like fish which are exposed to radium via water and food, and aquatic
macrophytes which are exposed via water and sediments, are examples of organisms
which take up this element from either or both of the two sources. If the concentration
ratios are therefore independent of the concentrations in both exposure sources, then:

[Q] = a,(Cy) + aglCgl ~=mmrmrmm- (2)

A multiple regression of [Q] an {C] and {C»], constrained through the origin of the
graph, can facilitate the determination of the two concentration ratios, &) and a5. This
madel has an important application to irrigation. Using this model, Myttenaere et al.
{1969) was able to demonstrate that the transfer of Cs and Co to rice from irrigation
water was 10-100 cimes greater than from soil. However, Williams (1981) states thac
there is insufficient data on radium available to describe its transfer during irrigation.

In the following example {algae), the goodness of fit of the regressions was estimated
by the coefficient of determination r® which was expressed as a percentage. This
provided an indication of the percentage of the variance that was accounted for by the
regression. The statistical significance of the regression was taken from the square root
of the coefficient of determination, which was the correlation coefficient, r. The
significance was shown as a p-value, being the probability that the r value occurred by
chance (Williams, 1984).
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Data from the literature covers a concentration range of 7 orders of magnitude. A very
good fit to the following regression was obtained:

(SR T ol Ll L — (3)
With: r2 = 94% (p<<0,001)
The value of the regression coefficient {b = 1,02) is not significantly different from 1,

it can therefore be concluded that uptake of Ra from water by algae is a linear process
(Williams, 1984), The equivalent linear regression found was:

[Ql = 432([C] -—---=m-- (4)

giving a concentration ratig:

CR = [Ql / [C] = 432 ~—-mememme ()

2.7 Biological uptake of radium by terrestrial plants
2.7.1 The extent of radium accumulation

The extent of contamination of terrestrial plants by radium sources can, according to
Simon and {brahim (1990), be discussed under four major categories:

> In natural environments under normal conditions
L In regions with naturally high radioactivity
> In laboratory, greenhouse and field studies

[ At uranium mill tailing sites.

Simon and Ibrahim (1990) compiled tables on the concentration of radium in terrestrial
plants under these four categories. Portions of some of these tables are presented in
some of the following sections.

2.7.1.1 Radium in plants in natural environments

According to the National Council on Radiation Protection and Measurements (NCRPM)
(1975), the world average activitzy concentration of 226Rain soil is 0,03 Bq.g'l. lyengar
{1990) found that world-wide 226Ra concentrations normally vary between 0,004 and
0,126 Bq.g‘l while typical levels in most comnponents of the human diet range between
0,004 and 0,2 Bq.g"* (United Nations, 1977). Table 2.2 provides some data on the
concentration of radium in edible crops growing in normal uncontaminated soils at a
number of locations in the world.
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2.7.1.2 Radium contents of plants from regions with naturally high radicactivity

In certain areas of Iran where a high natural background of radium is found, Khademi
et al. (1980) measured 226Ra concentrations in the soil, ranging from 0,022 to 37 Bq.g~

. The Ra concentrations in the plants ranged between 0,007 and 0,240 Bn:l.gwl and
therefore, although the sediment concentrations were high, concentration ratios for
these plants were relatively low, varying between < 0,001 and 0,043.

Vasconellos et al. (1987) investigating the uptake of 226, by crops cultivated on the
Pocos de Caldas Bla teau, an area in Brazil with a high natural radiocactivity, showed that
the maximum 2 BRa content of the affected vegetables analyzed were an order of
magnitude higher than in normal regions. The CR-values for these vegetables were low,
ranging between 0,001 and 0,006.

2.7.1.3 Radium uptake in taboratory, greenhouse and field plot studies.

Table 2.3 provides a summary of radium uptake by plants from laboratory, greenhouse
and experimental plots. [nvestigations done by D'Sauza & Mistry (1970) showed that

2 . . . . . .

““Ra uptake in beans grown in a spiked radium solution was considerably higher than
in plants grown in soil. The CR-values (85 : shoots ; 1787 : roots) for this plant reflect
the enhanced uptake of 228R4 in a solution. The lack of exchange sites and complexing
ligands in the solution known to be present in soils, could explain the high Rauptake
in solution. Experimental exposure of a variety of crops to Ra-contaminated soil by
gggova et al. (1964) yielded extremely low CRl values {0,0012 - 0,011) even chough the

Ra content of the soil was high (39,2 Bq.g™"). As the chemical form of radium was
unknown in this experiment, it could possibly explain the low CR-values for these plants.
This particular chemical form or species was for some reason not accessible to the
exposed plants. Investigations done by Kirchman et al. {1980) revealed that the root of
the sugar beet has a lower 226Ra content than the above ground foliage {dry weight
basis). Kirchman et af. (1966) also observed that the tubers of potatoes contained ten
times less radium than the [eaves. ‘l;lgawever, contradictory observations showed that
roots contain higher amounts of “““Ra than the shoots (Popova et al, 1964 ;
Verkhovskaya et al., 1966 ; Gunn & Mistry, 1970 ; D'Souza & Mistry, 1970 ; Rayno et
al., 1980 ).

2.7.1.4 Uptake of radium from uranium mill tailings

Uranium milling and extraction causes residues {tailings) which usually contain elevated

Ra levels which are several orders of magnitude higher than that in normal soil.
Therefore, uranium mill tailings could provide a significant source of 226R,
contarmination for terrestrial and some aquatic plants. Simon & Ibrahim (1990) report
that the 226Ra content in plants growing at uranium mill sites are highly variable.
Substrate concentrations, sampling locations, the degree of leaf surface contamination,
the method used to clean vegetation prior to Ra analysis and the milling process
{acidic or alkaline) are some of the factors which may contribute to the variability in
Ra-concentrations amongst the different studies found in the literature, Table 2.4
provides a few radium concentrations found in edible plants grown near or on uranium

12



Table 2_2: Concentrations and concentration ratios (CR) of 226Ra in plants and edible crops
under normal environmental conditions.
(After Simon & Ibrahim, 1990)

Meight Plant conc. (Bq.kg™') Plant conc. (Ba.kg ') Sail
basis AM(68Z C1) Probability GM(6BT CI) Probability (Ba.kg™ ') cR
Fed. Rep. Germany Cabbapge 2 F €¢,063{0,03-0,11)
Fed. Rep. Garmany Carrot 3 F 0,11{0,02-0,22) 0,096(D,037-0,18)
FI USSR Carn 0,07
LS4 Corn i F 0,056
ltaly Frail {min} F 0,014 26,5t9,2
USA Letiuce 2 f {0,12-0,20)
usa Root vegetables 2 D ©,089(0,070-0,11) 0,089(0, 070-0,11)
{taly Vegetables (mix) F 0,036(¢0,027-0,044) 26,5 ¢ 4,2
USA Vegetables (mix) 6 F 0,048(0,079-0,078) 0,041{0,023-0,a78)
| India Hheat 5 )3 0,448(0, 31-0, 56) 0,433¢0,33-0,59)
“ USSR Hheat grain 1,0

Abbreviations: A: ash; D: dry; F: fresh; a; plants withoot surface contamination; b: plants with surface contamination; AM; Arithmetic Mean; GM: Geowmetric Mean;
Cl: Confidence Interval; n: number of samples
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Table 2.3: Concentrations and concentration ratios (CR) of 226Ra in plants and edible crops found under experimental conditions.
(After Simon & Ibrahim, 1990)"

"_ Experimenta) Plant Weight Conc. (Bg.kg 1) Conc. (Ba.kg™')
— conditions Group basis n Plant Substrate CR I
Hutrient solutions ﬂitaining Bean (kidney) D B85 {shoots)
carrier frea Ra 1] 1787{roots}
Contaminated pots containing bean Leaves {young} 4 459 37000 0,012
(Vicia faba) Leaves (old) A 2730 37000 0,074
Stem A 1650 37000 : 0,045
Fruit A 992 37000 3,027
Roots A 13200 37000 0,358
Contaminated soil, unknown Bzan V] 96 19200 0.0015
chamical form of radiuin Catibage b 6 39200 00015
Har lay b] 44 35200 0,0092
Squash 1] 4a7 39200 0,011 I
Lettuce [H 210 35200 0, 0057
Spinach b &7 39200 0,0018
Sunf lawer 0 63 39204 0,0017
Field plots, phosphate fertilizer Hheat A 5 18 0 0,6]
added {straw) ] 1,5 30 0,05
HWheat A 6 B.3 30 0,30
{grain) D . 0.1 30 0,005
Sugar beet A b1 9,3 34 0,27
{foliage) D 1,5 34 0,04
Sugar beet A 5 21 34 0,68
(root} 0 0,63 3 ¢,02

Abbreviatioas: D: dry; A: ash; ez number of samples

—
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Table 2.4: Concentrations and concentration ratios (CR) of 226Ra in plants and crops grown on uranium mill Lailings systems and
under contrel conditions.
(After Simon & Ibrahim, 1990)

Height basis Conc., (Bq.kg") ¥(a) i
Location and site Plants Plant {Y/X)
oo e = ! = . ..
B e o S e
USA {Mew Mexico)} Residential areas near Tomato W 0,011
mill site
Pea W 0,052 IJ
Pea pods W 0,13
Green bean W 0,22
Carrot H 0,22
Beet H 0,381
Grass D 18
Grass D 7
Grass [ B840
It
Fed. Rep. Germany Vegetable {mix) F 0,04-6,3 0,028
{Black Forest, near U, Co and Au mines}
. Potata F 0,04-1,5 0,01
Fruit (mix) 3 0,1-7 0,0M
Grass (hay) F 0,3-20 0,15

Abbreviations:  (a): ¥ arithinetic mean (AM} of plant concentrations; {b): X arithmatic mean (M) of soil concentrations; Dz dry; F: fresh; H: wet; n: number of
samples; Y/X:z mean of ratios



mill tailings. Surveys conducted by Holtzman et af(19879) showed 226Ra concentrations
in crops grown near uranium mill tailings which range between 0,000 041 and 0,840
Bq.g™" were similar or lower than those collected in regions with high natural
radioactivity such as Brazil (Eisenbud, 1964). Concentration ratios obtained for crops
collected at a mill site in Gérmany (Schottelkopf & Kiefer, 1982} also showed a
relatively close correlacion to the CR values for crops collected in areas of high natural
radioactivity as well as those exposed under experimental conditions.

2.7.2 Factors affecting the availability of radium from soil ta plants

A large array of physical, chemical, biological and environmental factors play a role in
the availability of trace elements from the soil for plant uptake. According to Fried
& Shapiro (1961), several processes exist which must rake place for plant uptake to
accur, namely:

> Release of ions from the solid phase of the soil to soil solution

> Movement (involving diffusion and mass flow) of these ions to locations where
plant roots exist ’

> Exchange of ions onto the root surfaces and transport across the root membranes

» Translocation into plant tissues

The availability of nutrients to plants from soil is governed by the solubility of the
element associated with the solid phase (Cataldo & Wildung, 1978} and by the
thermodynamic activity of the uncomplexed ion (Jenne & Luoma, 1977). These factors
which may influence root uptake are dependent on the existence of a soluble species
adjacent to the root membrane. However, the degree of availability of nutrients in the
soil solution is dependent on the soil-plant relationship {Bray, 1954). According to
Menzel (1965) the root system of the plant may alter the pH of the seil, influencing
nutrient uptake. Mobility of nutrients is defined as the overall process whereby ions
reach absorbing root surfaces and therefore facilitating the sorption of these ians into
the plants (Bray, 1954). Therefore, mobility is the process involving the movement of
ions by diffusion into the film of water between the root surface and the soil,
Radionuclides such as radium which are solubie in the soil solution or which are isotopes
of elements that have metabolic functions in plants are most readily absorbed by the
roots of plants (Menzel, 1965).

The retention and availability of radium for plant uptake is therefore dependent on
sorption and desorption processes in the soil. Under natural conditions a number of
factors may have an influence on radium availability and uptake and which includes the
effect of calcium and other cations, organic matter in the soil, the degree of
leachability from seoil and the chemical species {Simon & I[brahim, 1990).

2.7.2.1 Calcium and other cations

As mentioned earlier, the sorption and desorption (exchange) of radium in soil are
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influenced by other cations in the soil-solution system. Cations such as calcium are
held as exchangeable ions on the surfaces of negatively charged, collpidal, clay and
arganic matter in the sail. Although it was observed that radium was adsorbed on soil
in the presence of Ca“”, the degree of radium adsorption decreased considerably as the
_ calcium concentration increased in the sgil {Nathwani & Phillips, 1979). Due to
differences in ionic size, the ability of Ca?* to replace Ra“" in soil may be very low
{Simon & lbrahim, 1980).

2.7.2.2 Organic matter and clay content

Research conducted showed that organic matter and clays tend to be the major
constituents contributing to the adsorption of 2 Raonto seil {Simon & lbrahim, 1990).
Stevenson {1985) also states that in most mineral soils, practically all of the humic
(organic) materials occur in association with clay minerals. Organic matter adsorbs
about ten times more radium than clay, which is known to be more adsorptive than
other soil minerals. This phenomenon is due to the high "cation exchange capacity”
(CEC) of organic matter {Nathwani & Phillips, 1978). Therefore, in soil with low
organic matter and low clay content, a few sites will be available for radium adsorption.

At a neutral or normal soil pH, both the clay surfaces and humic {(organic) substances
are negatively charged. Electrostatic interaction is thus not in favour of the observed
associations and therefore their stabilities may be based on ligand exchange involving
polydentate groups of the humic material and/or of the formation of ternary surface
complexes (Schindler, 1990).

Investigations done by Kirchmann et af. (1966) revealed that an inverse relationship
existed between the log of the “““Ra content in plants and the amount of sorption
material in the soil. In a three-year greenhouse study to compare Ra-uptake from soil
with different organic matter contents, Grzybowska (1974) indicated that high radium-
uptake occurred with low organic matter content as organic matter tends to bind
radium. However, Whicker & Schultz (1982) state that decaying plant material may
increase the maobility of certain radionuclides by producing complexing agents or cations
which tend to displace those adsorbed on the soil.

2.7.2.3 Radium leachability from soil

Qualitative and quantitative information about radium desorption and mobility from soil
and the potential for plant uptake can be obtained from leaching tests (Simon &
Ibrahim, 1990). The presence of radium detected in lysimetric water by Rusanova (1962}
indicated that radium was leached into the soil solution and was therefore available to
plants. The same author also determined that various soil types differed in the degree
of radium leachability. Leaching tests and measurements of in situ leaching of tailings
dams in South Africa (De Jesus, 1987) were consistently showing that the water moved
between t 000 and 3 000 times faster than the Ra. The Ra movement was
between 0,3 and 4 ¢m per annum for the laboratory leaching tests.
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2.7.2.4 Chemical form and other factors

The chemical forms of radium, the presence of iron, the soil pH and the soil texture
may influence Ra-mobility in soil {Simon & Ibrahim, 1990). Variations in the quality of
water extractable radium m%, accarding to Kalin & Sharma (1982} have an influence
on the chemical form of EsRa. These authors also indicated that an inverse
relationship existed between the cailings concentracion and the water extractable Zpa
and that its uptake was influenced by the water solubility of the element. The quantity
of Ra that can exist in solution, may also be influenced by the chemica! species of
this element. As a result of the milling process of uranium mines, some mill tailings
may contain large quantities of sulphate ions. The presence of trace quantities of
barium in soil may therefore induce the co-precipitation of radium resulting in the
reduced leachability of radium (Nathwani & Pillips, 1878 ; Ibrahim et al., 1984).

During the comparison of the leachability of radium from alkaline and acidic mill
tailings, Dreesen et al. (1981) found that the leaching of the fractions from the tailings
were 6% and 0,3% respectively. The chemical form of radium as well as the effect of
pH may have played a major role in differences observed in the leachability of these
two types of tailings, Research by Taskaev et al. (1978) has shown that the soil type
influences the extractian of Ra. The formation of soluble organo-iron compounds
also influences the mobility of *%®Rain an FeClq medium. Nathwani & Phillips (1978)
found that seil texture influenced the leachability of radium from soil. Coarser soils
showed greater desorption properties to radium than finer soils.

2.7.3 Distribution of radium in plant tissue

Tissue barriers, specific co-ordinating substances, metabolic incorporation and other
causes not fully understood (Biddulph, 1960} cause heterogeneous concentrations and
distribution patterns of elements in the different parts or organs of plants. An_—
acropetal gradient, i.e. a decreasing concentration gradient from the cldest to youngest
growth and towards the apex of the plant, can occur. In the case of radium a
concentration gradient was also found from roots to stems and from stems to shoots in
many different plant types under different growing conditions.

Leafy vegetables and beans grown in pats containing radium-contaminared soil showed
an acropetal gradient (Popaova et al., 1964). Although the roots generally contained the
highest radium of all the plant organs, these authors indicated that the radium content
in the older leaves sometimes exceeded that of the roots. Exposure of barley, peas and
maize (Gunn & Mistry, 1970) and kidney beans (D'Souza & Mistry, 1970} to radium
containing nutrient solutions showed that radium was preferentially accumulated by the
roots and prevented from entering the shoots.

The existence of an acropetal concentration gradient suggests a low metabolic activity
of radium resulting in no secondary distribution to other parts or tissues of the plant.
Radiumn has been observed to flow unidirectionally (from roots towards shoots} and was
also regulated by growth rate of the plant and leaf age. Once radium enters the
transpiration stream, it remains in the leaves without further distribution.
Furthermore, it does not enter the metabolic cycle which is known to redistribute some
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elements to areas of younger growth {Vavilov et al., 1964).

Elements absorbed directly through the leaves of plants may have a different
distribution pattern to those which are absarbed through the roots and stem base. While
alkaline earths such as Ca, Sr and Ba are freely translocated through the xylem of the
plant, their transportation encounters discrimination in the phloem. Immobilization and

accumulation of Sr and Ca takes place when it is absorbed through the leaves of the
plant (Biddulph, 1960).

No data from the literature are available on radium being absorbed through the leaves
of plants. However, it is expected that radium would be immobile and may pose a
sirnilar behaviour to those of other alkaline earth elements (Simon & Ibrahim, 1990).

2.7.4 Speciation of radium in plants

The mobilicy of radium within the plant and the degree to which it is recycled from
piants to soil is dependent on the chemical form or species of radium. Although no
identification or characterization of the exact chemical species of radium in plants has
been conducted, the results of some chemical speciation studies were however available.
According to Verkhovskaya ec al. (1969), a difference may exist between the chemical
forms or species of radium deposited in different organs or plants. Comparisons
between water-soluble, exchangeable and non-exchangeable fractions of radium have
indicated that the relatively more mobile species localize in the plant tops rather than
in the roots. Popova & Kyrchanova (1974} have indicated that mobile species of Ra
were mostly present in plants while Taskaev et al, {1977) showed that from 2 to 34% of

Rain the green parts of plants was water soluble. Most of the mobile 226R asituated
in the above-ground shoots occurs as a free ionic form, incorporated in soluble mineral
salts and as organic complexes. Radium, however, also associates with carbonates,
oxalates and other less soluble compounds (Simon & [brahim, 1990).

2.8 The behaviour, effects and radiation dosimetry of radium in man

During the assessment of radiation effects resulting from the intake of radionuclides,
the following information is often required:

> The distribution and retention of the radionuclides in human tissues

> The position of sensitive cells in the human body in order to develop both
stochastic {probabilistic) and non-stochastic (threshold) effects

> The relationship between radiation dose and risk {Stather, 1990)

There is limited information available on the effects of many radionuclides on man.
Therefore, animal studies provide insight into the assessment of possible consequences
of human exposure to radionuclides and assist in establishing limits on radionuclide
intake {Stather, 1990). Substantial human data on both the adverse effects of radium
as well as its distribution and retention in the human body are, however, readily or
potentially available (Stather, 1930).
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2.8.1 Behaviour and effects on the human body

After radium has entered the human body either through ingestion or inhalation, a
fraction of it is translocated to the bloead. The physico-chemical form of radium taken
into the body and the affinity of the transportable fraction of radium for the biclogical
transport systems in the lungs and gut determine the amount of radium absorbed by the
blood following entry into the body. As mentioned earlier, the skeleton acts as the main
site of deposition after radium has entered the blood. According to the ICRP (1975),
87% of the body radium in man is distributed in the skeleton. Although a percentage
of the radium present in the body is also absorbed by some soft tissues, a substantial
fraction is however rapidly excreted through the gastrointestinal and uripary tracts
(Stather, 1990). The ICRP (1991) suggested an annual limit on intake for 226Ra of 9 x
10" Bq or 2.5 x 107" g. This is about 500 000 times less than the limit for uranium (See
section 3.3 : Selection of radionuclides).

2.8.1.1 Ingestion

During an investigation conducted by the ICRP Task Group on Alkaline Earth
Metabolism in Adult Man (ICRP, 1973), fractional absorption values of radium from the
adult GI (gastrointestinal) tract (f;) were obtained which ranged between 0,15 - 0,21,
From prisoners who ingested elevated levels of 225Ra in drinking water (Stenhey &
Lucas, 1956), the ICRP Task Group calculated an f; value of 0,21. The ICRP also
derived an f; value of 0,15 for three adult contrel individuals which were presumed to
be under equilibrium conditions.

No data on absorption of radium in children or young persons are however available
(Stather, 1990}. Because calcium is required for skeletal growth in young persons and,
due to the chemical similarity of Ca to that of radium, it can be expected that a higher
level of uptake of radium would occur throughout childhood and into adolescence
(Stather, 1990).

2.8.1.2 Clearance from blood

After radium has entered the blood, there is a quantitative similarity but a qualitative
difference between the behaviour of Ra and Ca. After intake, a rapid clearance of all
the alkaline earth elements takes place mainly from the blood to the skeleton.
However, a substantial difference exists betwéeen the clearance rates of these elements,
both in man and animals (Stather, 1890).

Comparing the clearance rates of 47Ca, 8551', 13382 and 223Ra from the blood of a
healthy 60-year-old man after intravenous administration, Harrison et al (1967}
facilitated the analysis by administering four injections in succession over ten weeks.
A germd of two to three weeks was allowed between each mject:g? BothssgaBa and

Ra were more rapidly cleared from the plasma than either “'Ca or ““Sr. Any
radioactivity cleared from the plasma was either deposited in the tissues or excreted.

Considerable differences in the routes of excretion exist. Calcium is mainly excreted
with the urine while radium tends to be present more in the faeces (Stather, 1590). Due
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to the high intestinal clearance of radium, much more radium was excreted than
calcium (Stather, 1990}, Measuring the excretion of Rain man {11 female : 1 male)
103 and 104 days after radium intake, Rundo & Holtzman {1976) determined that faecal
elimination was the main route of elimination, accounting for about 98% of the total
radium activity lost from che body. At 104 days, the averall rate of elimination was

estimated at 1,5% of the body content per year, suggesting a binlogical half-life of
about 46 years (Rundo & Holtzman, 1976).

2,8.1.3 Structure of and deposition in the hurman skeleton

Because the behaviour of radium is chemically similar to that of calcium in the human
body, radium is often referred to as a bone volume seeking radionuclide (ICRP, 1979).
[t is however necessary to know the role played by calcium in the development of the
skeleton to fully understand the behaviour of radium in the human body.

Although the exact mechanism responsible for new bone formation is unknown, an
increase in calcium in the area of formation takes place and apatite crystals form in
the newly formed matrix. If radium or any other alkaline earths are present in the
circulating blood and plasma, substitutions may be possible in the crystalline structure
and therefore these elements may be incorporated intc the bone crystals replacing
caleium, Consequently, any bone being laid down during exposure and where high levels
of radium has recently entered the blood, will contain much higher levels of activity
than bone laid down wien the levels of Ra in blood were low,

Any enhanced deposition occurs on all growing bone surfaces, but especially in the
Haversian systems. In these Haversian systems where active bone accretion takes
place, these areas become labelled during radium intake. However, those which are in
2 resting or resorbing phase retain only very small amounts as part of a more

- generalized "diffuse" deposit.

A constant exchange process is taking place between the Ca-ions in the extracellular
fluid and the Ca present in bone mineral. This exchange process is caused by diffusion
of ions from the blood stream to the extracellutar fluids, therefore bathing the micro-
crystals of bone mineral. The small size of the crystals result in a large surface ion
exchange area.

2.8.1.4 Summary

A short review has been presented on the information available on the presence and
behaviour of radionuclides in the environment and the radiation effects and behaviour
of radium in the human body. Data from the literature have shown numerous cases
illustrating the effects of 22 Rain the aquatic and terrestrial environments, Literature
has also indicated that the substantial amounts of data available on the consequences
provide a valuable source of information on the effects of incorporated radionuclides
in man. It is expected that radium has a higher radiotoxicity than uranium and thus has
a more important potential environmental impact. The literature survey shows that
there is less data available on uranium effects on the environment than radium. To
fully understand the mechanisms involved in the transport and uptake of 225Ra and
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uranium as well as the application of dose assessment madelling, as much information
and data as possible need to be gathered. This also applies to the South African
situation. Based on previous investigations {Malan, 1981; de jesus et al., 1987} the

present investigation was aimed at contributing to this pool of information, especially
in the South African context.

The absence of literature on the uptake of 226Ra from spray irrigation via plant leaves,
Eaﬁether with a single reference to the effect of a higher CR for plants grown in spiked

Ra solutions (section 2.7.1.3) make it imperative for the present study to further
investigate this gap.

2.8.2 Dose assessment and modelling
2.8.2.1 The concept of modelling

The different public exposure pathways of dust inhalation, radon and radon daughter
inhalation and aquatic and food pathways need to be quantified for regulatory
authorities and to assure adequate protection of the public and environment, Because
of the complexity of environmental interactions and the varied modes of exposure, dose
assessment is undertaken using mathematical computer models (Till, 1983 ; Halbert,
1991).

A typical model developed for the assessment of radionuclide transfer in a terrestrial
environment is composed of an ensembile of submodels and mathematical equacions
which represent a large number of different processes and mechanisms. Pathways for
the transport of radionuclides from the source to humans is illustrated in Figure 2.1.

According to such models, the following pathways can be identified and mathematical
models designed for each:

Direct exposure

Inhalation
Atmosphere-to-vegetation transfer
Atmosphere-to-soil transfer
Soil-to-vegetation transfer
Aquatic transfer
Irrigation-to-vegetation transfer
Animal products

Yy Y vy yYvyvyyey

Essentially, models consider reiease mode from the source (gaseous or liquid), transport,
dilution and dispertion, reconcentration, bioaccumulation and transfer up the food chain
and subsequent exposure of humans either direccly or by inhalation and consumption of
water and foodstuffs, The habits of the population and data on food types and masses
or volumes consumed are important for realistic dose assessment.

The models usually have the option to evaluate the dose from a number of different
nuclides to:



a) the maximum exposed individual,
b) the critical group, and
c) the collective dose to the wider population

Doses to adults, teenagers or children can be evaluated, both for the whole body or
individual body organs. The internal dosimetry submodels are based on established
transfer factors between conceptualized body compartments.

2.8.2.2 Model application

Various models have been developed world wide such as by the IAEA (1984} and the
United States Nuclear Regulatory Commission (1982). Models that were available
locally were LADTAP [l {Simpson & McGill, 1980) from the Oak Ridge National
Laboratory {U.S, Department of Energy), 2 mainframe version and GENII, the Harford
Environmental Radiation Dosimetry Software System (1988} of Pacific Northwest
Laboratory. The GENII code operates on a PC and was chosen for its ease of use for
this project, It incorporates the internal dosimetry models recommended by the
International Commission on Radiological Protection {ICRP).



Source
E:
Groundwater
v , 4 v g
Surface water Air 3
E
§
&
v .
Sediment » Soil
- v
m 4 - .
o I
- P
i = r:g v v =
: 4 z . 2
Aquatic| &|| |2 Terrestrial 2
plants ¢ plants z
z 2|
— 4 m =
3 z a| |2
P @ AR
3 a g
S 2 i v Zg'
vy Terrestrial &
Aquatic animals
animals __| Dairy produce
=
Ml INGESTION
w v
!
2 b
INGESTION Y ¥ Vv vw_ 2
EXTERNAL ¢ =
'I Humans 4— EXTEANAL -
INGESTION f

Figure 2.1 Pathways lor the transpant ol radionuclides from the source ta humans
Aflar National Technieal Planning Group (1581},




3 MATERIALS AND METHQDS
3.1 Factors affecting the selection of sampling localities

The criteria for suitable sampling localities required that significant concentrations of
radium and uranium should occur in surface water or sediments associated with mining
accivities on the Witwatersrand and that agricultural production should occur using such
contaminated water. In general, the localities should exclude mining land.

During the selection of suxtable sa splmg locations, the following factors which may
have had an influence on Uand Raactivity and agricultural use at particular sites
were taken into account:

3.1.1 Geology of the study area

Although the association between gold and uranium has been known since 1923
(Travener, 1957), the extraction of uranium from gold ore oniy started in the late
forties. The main uraniferous component of Witwatersrand ores is the primary uranium
mineral uraainite (usually black or dark brown, massive and non-crystalline) which
usually occurs in a complex matrix of conglomerates (Liebenberg, 1955 ; 1972). The
reefs of the West Rand mostly contain brannerite ({U,Ca,Ce)(Ti Fe)206) which is a
uranium-bearing titanate {Feather & Koen, 1975).

The average uranium {as 1308) cnncentratlons in the Wxtwatersrand and the Far West
Rand vary between 50 g.t ~ to about 200 g.t~ (2 Bqg 238y “1) ore {Funke, 1990). They
can even be as high as 640 g.t"l in the Klerksdorp area and 600 g.t” -1 in the OFS
goldfields. However, these figures are in contrast with those of Canada, USA, and

Australia where the uranium ore content are two orders of a magnitude higher (Funke,
1990).

In contrast wu:h uramurn the concentratlons of #26R4 are much lower and average
about 50 pg.t” 1 (2 Bq Ra g Edlscarcled sludge for a 200 g.t” -1 ore. Analyses -of
slimes dams have shown that Ra levels vary between 0,6 and 3,1 E-q.g_1 for the
Klerksdorp and OFS mining areas where richer uranium ores are associated with the
presence of gold. This is in contrast with the East Rand where activity levels between
0,2 and 0,6 Bq.g * were measured on slimes dams (Chamber of Mines of South Africa,
1979). These results are confirmed by de Jesus et al. (1887) who obtained the same
tendency by measuring the Ra actmty on various slimes dams in these mmmg areas.
On the East Rand (0,49 £ 0,16 Bq.g” 1} and Central Rand (0,41 0,15 Bq.g™!) a relatively
low 6Ra activity was measured while the Klerksdorp mining area produced the highest
average 2 Raactivity of 1,84 = 1,21 Bq.g'1 (Table 3.1). On the West Rand (1,18 + 0,80
Ba.g™") and OFS-goldfields (1,23 + 0,99 Bq.g'l) the 226Ra-activity was maore or less the
same (Table 3.1), but lower than that of Klerksdorp {de Jesus et al., 1987). The same
tendency has also been observed during an airborne gamma-survey conducted by
Grundling & Schoeman (1989) from Nigel in the east to Stilfontein in the far west.
These results also showed a relatively low gamma-activity in the Eastern and Central
Rand, while the West Rand and Klerksdorp-Stilfontein areas showed relative gamma-
activity varying from » 1000 to about 3600 counts per second.
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Table 3.1:  Activity of 226Ra on various siimes dams on the East, West and Central
Rand as well as the Klerksdorp and OFS goldfields {After de Jesus et al.,
1987).
226p, 2265,
Mine Concentralltion Mine Concentration
(Bq.g™") (Ba.g™!)
EAST-RAND WEST RAND
Brakpan 0,64 = 0,05 West Rand 1,22 + 0,08
Consolidated
Geduld-East 0,58 + 0,05 Randfontein 2,69 + 0,10
Estates
Grootvlei 0,58 £ 0,06 East Champ d'Or 0,53 = 0,04
New State Areas 0,56 + 0,06 Blyvooruitzicht (1) 0,64 = 0,05
Daggafontein 0,38 + 0,06 || Blyvooruitzicht (2) 1,32 + 0,07
Sallies 0,21 + 0,06 West Driefontein 0,71 £ 0,05
Mean 0,49 £ 0,16 Mean 1,18 + 0,8
CENTRAL RAND ORKNEY/KLERKSDORP
Vill. Main Reef 0,47 = 0,03 Buffelsfontein 3,40 + 0,26
{2)
Vill. Main Reef 0,43 + 0,03 Vaal Reefs 2,69 £ 0,14
{1)
Vill. Main Reef 0,34 = 0,03 Western Reefs 1,69 + 0,08
{3)
City Deep (3} 0,16 ¢ 0,01 Hartebeespoort 0,54 £ 0,05
City Deep (1) 0,22 + 0,02 Stilfontein 0,86 + 0,05
City Deep (2) 0,69 + 0,04 Mean 1,84 + 1,21
ERPM (3) 0,37 + 0,02 ORANGE FREE STATE
ERPM (4) 3,47 + 0,03 ll Merriespruit 2,67 + 0,15
ERPM (1) 0,48 + 0,03 |‘ Harmony 1,09 ¢+ 0,12
ERPM (5} 0,31 £ 0,03 " Welkom 0,48 = 0,04
ERPM (2} 0,59 + 0,03 Western Holdings 0,69 * 0,05
Mean 0,41 + 0,15 Mean 1,23 + 0,99
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3.1.2  Agricultural conditions

- Although the East, Central and West Rand as well as the Klerksdorp and OFS goldfields

fall within a summer rainfall area with an average precipitation of 400-720 mm per
year, there are, however, subtle differences between the rainfall and soil composition
of these areas which may have an influence on the suitability of sampling locations.
The East Rand (Nigel, Springs, Brakpan and Boksburg), Central Rand (Germiston and
Johannesburg) and West Rand (Roadepoort, Krugersdorp and Randfontein) have a higher
average precipitation than the Klerksdorp mining area and the OFS goldfields {Weather
Bureau, 1992). The soil conditions in the East, Central and West Rand are also more
favourable for agricultural and irrigation purposes as the soil contains a higher average
organic content and bias a longer retention time for moisture. I[n these areas, a number
of dams and lakes are found whilst extensive wetland areas also supply water to farmers
for irrigation. Therefore, the Witwatersrand is generally more suitable for vegetable
production as well as fodder for dairy cattle. However, the far West Rand, Klerksdorp
and OFS are known for soils which consist of weathered calcareous dolomite which is
not effective in storing water., The Klerksdorp and OFS mining areas are therefore not
quite suitable for the production of irrigation-intensive crops and are generally known
as maize-producing areas which are not irrigation-intensive. Due to the bigger impact
that mining might have on agriculture, the Witwatersrand area was selected for this
study.

3.1.3 Aquatic pathways for radionuclide contamination of agricultural land.

B, . . 2 .
Two possible pathways exist whereby suspended or dissolved 2"6Ra and uranium can
reach surface waters near gold and uranium mines:

3.1.3.1 Seepage from slimes dams =

An extensive survey conducted by de Jesus et al. {1987) to determine 226Ra—levels on
slimes dams on the Witwatersrand has shown that leveis vary from 0,2 Bq. g"l on the
East Rand to 3,1 Bq.g'l cm the West Rand. The average actwu:% for all Lhese slimes
dams was about 0,3 Bq.g~ ! (Table 3.1) compared to 0,04 - 0,08 Bq 5Ra. g ! for normal
soil. Many of the slimes dams which have been sampled have fallen into disuse in the
past few decades. The state of conservation of these slimes dams therefore varies
considerably. Some of these slimes dams have been subjected to plant rehabilitation
programmes while others have been covered by gravel or burnt-gut coal to prevent any
furcher wind or water erosion (Cook, 1973 ; Cartwright, 1983 ; Blight & Cladwell, 1984
; Jones et al., 1989). However, there are some slimes dams which show signs of erosion
and silting. It is especially the finer fractions which are clearly visible around the
slimes dams. However, experimental data obtained by de Jesus et al. (1987) has shown
that the mobility of 226Ra is about 1300-4500 times slower than that of water and that
the Ra-activity averaged <0,07 E'.q.ﬂ'l in seepage water sampled from the bases of
some slimes dams. This seepage water could reach agricultural land, but the probability
of large volumes of seepage occurring, is very low.



3.1.3.2 Contamination of surface waters

Contamination of surface waters {rivers, lakes and wetlands} usually occurs where
mining process water is released in waterways (de Jesus et al., 1987). Surveys done in
the vicinity of various mines as well as several sampling locations downstream from the
ngncs of release of effluents have shown that, except for a few isolated cases, the
“*Ra-levels have decreased to such an extent in the water and sediments, that an
activity of 0,04 Bq.e'l was measured within a few kilometres from the point of release.
Samples taken from lakes in the vicini% of gold/uranium mines and which are accessible
to the public, have shown that the 2 Ra-levels are nearly similar to that of nacural
waters (de Jesus et al, 1987) (Table 3.2) but sediment values are elevated in some
localities. The greatest potential impact on irrigated lands is thus within a few
kilometres downstream of mine discharges, and sampling localities had to be selected
where agricultural activities was closest downstream from mine discharge points.

These results show general trends and identify certain areas. While not pinpointing
problem areas, they have been very valuable in aiding selection of suitable sampling
locations.

3.2  Sampling localities

Bearing in mind the criteria for sample location and the factors elaborated on above,
various in-field inspections were carried out as highlighted beiow.

3.2.1 East Rand

This investigation originated on the East Rand and the Marievale Farm in particular was
selected. This farm is located near the Marievale gold mine in the vicinity of Springs
and Nigel {Figure 3.1}. This farm is situated about 2 km downstream from where—
Marievale mine releases its effluents. On the farm, vegetables such as lettuce,
cabbage, cauliflower, beetroot and carrots are produced. Vegetables produced here are
supplied to a local market as well as to a well-known supermarket group (Geral, 1990).

This investigation was preceded by a preliminary study on the 226Ra and uranium levels
in a number of selected aquatic plants, algae, macro-invertebrate fauna as well as fish
and water birds occurring at localities in the Blesbokspruit, Elsburgspruit and
Natalspruit catchment areas on the East Rand. These results are also considered in the
present report.

Permission was obtained to sample oats plants grown on a slimes dam near Marievale.
These plants were experimentally cuitivated by a mine to determine the potential
survival of different plant species on slimes dams. The slimes dam was divided into
approximately 30 field plots (4 X 6m) onto which various different plants, shrubs and
crops were planted. The experiment was conducted by the mine and it lasted for
approximately two years. No irrigation was applied to these plants. Rain provided the
only moisture to these plants,
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Table 3.2.

(After de Jesus et al., 1987).

226, levels of dams and lakes in the study area accessible to the public

“ 22684 Conc., 26, g,
Sampling point Water (8q.€ ') Sediment. {Bq.g-1)
EAST RAND
Hiddla Lake 0,0 N.S.
Agex Pan 0,05 =« 0,02 0,17 = 0,01
Jan Smuts Dam 0,01 0,06 = 0,01
Geduld Dam Q.M N.5.
Cowles Dam 0,03 « 0,00 N.3.
Vogelstruisbult Jam 0,12 =+ 0.04 N.S,
Nigel Dam 0,11 = 3,04 0,24 = 0,02
Witnokspruit Q,0% N. 5,
Van Wyk Dam Q9,01 NS ol
] Rooikraal 0,95 = 0,02 N.S.
CENTRAL RAND
Hemmar Pan 0,07 = 0,02 g.,24 = 0,02
Victaria Lake 2,01 M. 5.
Eisburg Spruit 0,55 = 0,02 N.5,
Angals Pan 9,13 = 0,04 N, S,
Boksburg Lake J.01 . 0,08 = 0,1
Elsburg Dam 0,32 0.0 0,22 = 0,02
WEST RAND
Flarida Lake 2,70 = 0,01 M. 5.
Rand Leages Dam 0,01 N.S.
New Canada Dam o.M N. 5.
KLERKSDORP
vaal River [Downstream) 2,22 = 0,01 0,04
Vaal River (Upstream) 0., 0.04
Jagspruit 0.24 = 0,07 0.06 ¢ 0,01
ORAMNGE FREE STATE
Sand River (Uostream) Q.01 0,04
Sand River (Adjacent) 0,01 N. 5.
Sand River (Jownstream) 0.01 g.08
|- doring Pan L g,02 = 0. _ £,32 + 0,04
Abbraviations: H.§. : Net Sampled .
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3.2.2 Central Rand

This area is also known to be active in gold and uranium productien (Figure 3.2), but
results obtained by de Jesus et af. (1987) and Grundling & Schoeman (1989) have shown
that Ra-activity to be the lowest of all the areas considered for the present
investigation.  Although extensive agricultural activities take place south of
Johannesburg as well as Germiston, Alberton and Boksburg, nearly all the farmers
utilize underground water for irrigation. As underground water is not representative
of mining effluent, it was decided that these agricultural areas do not fall within che
scope of this project. While, a few farmers were found to utilize water from the nearby
wetlands, it was determined that Ra-levels were negligible due to the filtering
effects of these waters. During reconnaissance investigations several incidents of

political viclence were encountered which often made sampling dangerous in these
areas.

3.2,3 West Rand
Two agricultural areas which seemed to be of specific interest were identified:
3.2.3.1 Luipaardsvlei

This agricultural area is situated south of Randfontein where it is surrounded by
intensive gold and uranium mining activities (Figure 3,3}, This area is characterized by
vast underground aquifers which occur in dolomitic formations (Engelbreche, 1989 ; &
Funke, 1990). Significant amounts of water are pumped from underground
compartments for mine dewatering as well as agricultural and domestic use.

A number of gold mines are active in this area, and UqQOg, pyrite, silver and osmiridium
are also produced as by-products {(Engelbrecht, 1989). Some of these mines and a gold
refinery are situated upstream along a river which drains through a series of dairy
farms.

Most of the agricultural land is owned by farmers who specialize in milk production.
Milk produced on these farms is delivered to a cheese factory (du Preez, 1991}, The
fodder produced is irrigated with water pumped from the nearby stream as well as with
water received from a mine {du Plessis, 1991}, Underground water is, however,
unsuitable for human consumptian (Coetzee, 1991).

3.2.3.2 Vlakfontein

This agricultural area is situated approximately 3-4 km southeast of Luipaardsviei
(Figure 3.3) and also receives effluent and seepage waters from a nearby goldmine for
irrigation purposes. This vegetable farm produces lettuce, cabbage, cauliflower,
beetroot, carrots, and spinach. A vegetable shop, open to the public, is situated on the
farm next to a main route and vegetables are also supplied to a local market. The
farmer makes exclusive use of flood irrigation as spray irrigation appears to damage or
burn the leaves of the irrigated crops {Inago, 1992),
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3.2.4 Orkney/Klerksdorp and OFS goldfields

Although the highest 228Ra—activity levels were reported in these areas (de Jesus et af.,
1987}, a number of factors render these areas unsuitable for agricultural activities.
Although no dramatic differences exist between the amount of precipitation on the
Witwatersrand and the Orkney/Klerksdorp (Figure 3.4) and OFS (Figure 3.5) goldfields
areas, the lacter tend to be drier and unsuitable for the production of vegetable crops.
The drought during the time of sampling has even made it difficult to sustain dry land
crops such as maize. It was therefore decided to discontinue any investigations in these
specific areas.

3.3 Selection of radionuclides
Table 3.3 contains the radio isotopes which are formed in the important decay routes
of SBU. Based on annual limit on ingestion intake , the isotopes of concern are Ra,

21DF’!J and 210P1:|.

Table 3.3: Radioisotopes formed by the decay of 238U

Half-life{seconds) Isotope gram/ Annual limits on intake,
- Becquerel ingestion in Becquerel
(ICRP,1991)
1.41e+l7" 238y 8.05e-05 3e+06
2.08e+06 234ty 1.17e-15 4e+06
2.43e+04 Zp, 1.36e-17 de+07
7.70e+12 234y 4.32e-09 3e+06
2.43e+12 2307y 1.34e-09 3e+05
5.05e+10 226R4 2.73e-11 9e+04
3.30e+05 222g, 1.74e-16 -
1.83e+02 218p, 9.36e-20 -
1.61e+03 2ldpy, 8.24e-19 | le+08
1.19e+03 Zl4g; 6.09e-19 2e+08
1.64e-04 214p, 8.41e-26 -
7.04e+08 210py, 3.50e-13 2e+04
4.33e+05 | 210 2.18e-16 les07
1.20e+07 210p, 1.00e-14 9e+04

* 1.41e+17 = 1.41 X 10!7
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In the absence of 2"6Ra 1,0 Bq of 222p will decay to form only about 0,00047 Bq of
Pb in about a month's time. L Pb and ! Po can therefore only build up to
appreciable quantities if “““Ra is present. Furthermore, due to the fact that radon is
a noble gas with a short biclogical half-life relative to its radiological half-life, almast
all of the radon will diffuse out of living tissue before it decays to form its daughter
1soto%es (Napxer et al., 1988). Hence, the possibility of intake of appreciable amounts
Pband 210pg through farm produce irrigated with water contaminated with mine
effluents is small. Evidence for this in the Witwatersrand area is confirmed by
unpublished data of V. Ellerbeck (AEC Internal Report 1988) who investigated 0py in
the liver of cattle in mining areas and in a control area. The mean concentrations of
Opa were 6,2 £ 2,7 Bg/kg and 2,8 + 0,3 Bq/kg fresh mass respectively. Such values are
very low in relation to the annaul limit on intake given in Table 3.3. Ra could
%%%refore represent the second part {last 9 daughter products) of the decay chain of
uU.

The literature on uranium is less abundant than thac of 22E'Ra The differences in the
annual limit on intake of the first 5 isotopes in the U decay chain is not as big as
between the last 9 isotopes. 238 irself can therefore represent the first part of the
decay chain.

The other usually important natural decay chain is that of 232Th. However, the local
gold-bearing reefs are associated with low concentrations of thorium, typically a factor
10 less than uranium concentrations and potential dose from the thorium decay chain
can be neglected.

This study therefore concentrated on uranium and 22BRa as these would probably be
- adequate indicators of the extent of the possible effect of radionuclides on people living
in the proximity of mining activities on the Witwarersrand.

3.4 Experimental uptake of 2ZBRa by two selected vegetable crops

J.4.1 Aim of the experiment

As spray irrigation is often used on vegetables at the selected localities, the aim of this
experiment was therefore to determine the difference in uptake of a known
concencration of ““"Ra through the leaves and roots of two selected vegetable crops
(one root and one leaf crop) under greenhouse conditions. Results obtained from the
experiments were used to calculate concencration ratios {CR) for these crops and to
assess effects of flood versus spray irrigation in agricultural production.

3.4.2 Preparation of 226Ra standard solutions for irrigation on experimental plants

A 226Ra standard solution of 4300 Bq {1 &) was obtained from the AEC for the
experimental study. Another stock solution for irrigation purposes was made by
pipetting 5 m£ from the original stock and making it up to | £ giving an irrigation stock
of 22,5 Bq.ﬂ‘1 which, for comparison, is about 100 times higher than the drinking water
limit, Therefore, a dosage of 0,0225 Bq was obtained per millilitre applied to the
plants, A suitable irrigation scheme, giving a cumulative dosage of 3,67 Bq per plant
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at the end of the irrigation periad was therefore calculated and used (Table 3.4).
3.4.3 Irrigation system and dose application

Four irrigation schemes were proposed for conducting the experiment:

1) Irrigation water enriched with 225Ra sprayed on the leaves only bf the plants,

2) Irrigation water enriched with 22{""Ra applied to the roots only of the plants {via
the soil),

3) Irrigation water enriched with 228pa sprayed on the leaves and applied to the

roots of the plants.

4) Irrigation water not enriched with 226Rasprayed on the leaves and applied to the
roots of the plants. These plants served as the control of the experiment.

Cabbage and beetroot seedlings were obtained from a farm remote from mining
activities whereafter a certain number of these plants were kept for background
analysis while the others were used for the experiment. For each irrigation scheme, ten
plants of each type were used. Before the experiment commenced, all pots were
cleaned with 10% formaldehyde to kill any pathogens. Plants used in the experiment
were planted in these pots in fresh potting soil. These potted plants were kept in a
greenhouse. After an acclimatization period of two weeks, the proposed irrigation
schemes were commenced and application of the Ra-enriched water continued daily
far 6 weeks. At the end of the exposure period the plants were carefully removed from
the pots with roots intact and prepared for analysis as per section 3.3.3.

Table 3.4: 226Ra irrigation scheme showing the daily dosage and calculated weekly -
values for 6 successive weeks.

Week mé.day"l B::l.day'l Bq.week‘l
1 3 0,1125 0,7875
2 5 0,1125 0,7875
3 6 0,135 0,945
4 B 0,135 0,945
3 7 0,1575 1,1025
8 7 0,1575 1,1025
|| Total —T— 5,67 :
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3.5 Collection, identification and preparation of water, sediment and biological
samples for SRa and uranjum analysis

3.5.1 Water samples

At least 52 composite water samples were collected at the various sampling localities
(Figures 3.1 - 3.6). These were individually filtered in the field with a Sartorius
pressure filter through 8 and 0,45 micron membrane filters to remove any suspended
solids. 10 mé concentrated nitric acid was added to each sample to retain any ““°Ra
present in solution.

2zsRa was determined in each water sample with the emanation method. In each case,
a 400 mf sample was sealed in a bubble flask. After about three weeks, allowing for
the build-up of Rnto equilibrium level with che 22 Ra, the 222Rn-gas was emanated
into a scintillating ftask. The concentration of the 2 Rnin the flask was then analysed
on a photomultiplier tube, after a further period of three hours' storage. The
scintillating flasks were calibrated using IAEA certified 2 Ra solutions.

For uranium preparation and analysis, each water sample was evaporated on a thin
plastic sheet. The sheet and solids on it were then ashed, and the resulting solid
analysed with Neutron Activation Analysis (NAA). Alcternatively a 250 m2 water
subsample was run through an ion exchange column which was subsequently analysed for
uranium with NAA.

3.5.2 Sediment samples

After collection, all sediment samples were individually dried for 72h at 90 - 100 °C
whereafter they were homogenized and sieved through a 1 mm sieve. Moisture, total
organic content and pH of the sediment samples were also determined,

Each dried sample was sealed in a 30 m¢ glass bottle using epoxy glue. After about

three weeks, allowing for the build-up of “14Bi to equilibrium level with 2 Ra, the

sample was analysed on a gamma spectrometer with a Ge-Li detector. The 609 keV
. ) . 226 60

gamma of Biwas used to determine the concentration. Raand "“Cosources were

used to do the energy calibration of the detector. An IAEA-certified 226Ra standard,

sealed in the same geometry as the samples, was used as a reference standard.

Uranium was determined using a delayed neutron version of NAA. A small amount of
homogenized sampie (200 mg) was sealed in an ampoule and irradiaced with neutrons.,
The delayed neutrons emanating from “““U were then quantitatively measured. The
isotope distribution of natural uranium was then assumed to calculate the uranium in
the sample.

3.5.3 Biological samples
Emergent, floating and submerged aquatic weeds were collected for 226Ra and uranium
analysis (Table 3.5). ldentification of the aguatic weeds was done using Cook et al.

(1974} and Van Wyk & Malan (1988}. Freshwater fish species, which included several
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Table 3.5 Organisms collected for 226Ra and uranium analysis.

| Species

Azolla Filiculoides Lam.

Common name Family
PLANTS Hater fern Azallaceae

Marsilea macrocarpa (DC.) €. Presl

Hater-clover

Harsilearcae

Lerona major L.

Duckweed

Lennaceae

Lagarosiphon muscoides Harv.

Fine oxygen weed

Hydrocharitaceae

FPotamogeton pectinatus L. Fennel-leaved pondweed Potamogetonaceae
Typha capensis {Rohrb.) N.E. Br. Butrush Typhaceée
Arundo donax L. Spanish reed Poaceae
MACRO- INVERTEBHATES I'reshwater crab Potamonautidaa
Potamonautes warreni (Calman}

FISh Sma)lmouth yellowfish Cyprinidae
Barbus aepeus (Burchall, 1822} :

Cyprinus carpio Linnaeus, 1758 Common carp Cyprinidae
Clarias gariepinus {(Burchell, 1822) Sharptooth catfish Clariidae
Tilap¥a sparymanii Smith, 1840 Banded tilapia Cichlidae
AQUATIC BIRDS Redknobbed coot Rallidae

Fulica cristata Gmelin, 1789

" Phalacrocorax carbo {Linnaeus})}, 1758

Hhitebreasted cormorant

Phalacrocoracidac

or




edible fish (Table 3.5), were collected from localities in the Bleshokspruit, Elsburgspruit
and Natalspruit. While gill nets were used to collect the bigger specimens, smaller fish
were mainly caught using a modified Moore type shocker (Moore, 1968) as well as a
beach seine net of 3 mm stretched mesh. Fish species were identified using the
methods described by Le Roux & Steyn {1968) and jubb (1967) and placed into
taxonomical order as described by Jackson (1975). The freshwater crab, Pocamonautes
warrensi {Calman), which commonly occurs in the waters of the East Rand, was selected
as a representative of the macro-invertebrate fauna (Table 3.5). Aquatic birds including
the weedeating redknobbed coot, Fulica cristata and the piscivorous white breasted

cormorant, Phalacrocorax carbo{Table 3.5), were collected for analysis after being shot
with a 0,22 rifle.

Biological material was placed in plastic bags during collection. All samples were
carefully rinsed and cleaned at the labaratory. Adequate quantities of fresh material
of all the biological samples were individually weighed, then dried for 3-6 days at 90 °C
{(Ellerbeck et al., 1990) and the moisture content determined. The dried material was
ashed in a muffle for 1 h at 200 °C whereafter the temperature was increased to 500°C.
The duration of the ashing was about 2 hours or until no black fragments of carhon
remained in the samples (Moolman et al., 1990).

Following ashing, the samples were individually weighed into cleaned glass beakers and
a mixture of 1:1 HNO5 {180 m¢) : HCIO,4 (180 m#} was added to each of the samples and
digested on a hotplate. After cooling, the samples were transferred to bubble flasks
(100 m# or 400 mé#, depending on the mass of the sample), sealed and stored for three
weeks for 226Ra and 2 2Rm to reach equilibrium. The analysis of 26Ra in the digested
samples were the same as for water.

During the preliminary studwsl samples were dried and sealed in the same containers as
mentioned in 3.5.2, The 226R4 concentrations proved to be below the detection limit
of this method. During the main investigation, samples were digested as described
above and the resulting solution/slurry was sealed in a bubble flask, and analysed as for

Ra in water {3.5.1). For uranium analysis, subsamples of the ashed biological
material were analysed using the NAA technique as described in 3.3.2.

3.6 Concentration Ratios

Concentration ratios are discussed in section 2.8.3. In this study two types of
concentration ratios were calculated, namely CRs and CRw which were the ratios
between the plant or animal and soil and water concentrations, respectively.

The CR values were calculated as following:
CRs = [Co)/[Cs]
Where: [Co] = Concentration of rggionuclide i? organism
{(U: ;ug.g—1 (Fresh) ; 6Ra: Bg.g * {(fresh))
[Cs] = Concentration of radionuclide in soil

(U: Jug.g'1 (dry) ; 226g,; Bq.g'1 {dry)}
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CRw = [Co)/[Cwl]

Where: {Co] = Concentratiun of radionuclide in organism
(U: pg.g”! (fresh) ; 2PRa; Ba.g™! (fresh))
{Cwl] = Concentration of radiunuchde in water
{U: zg.mé” l 226Ra‘ Bq.mé” 1
or: {(U: ug. g 2 8Ra: Bg.g 1y as 1mi H,O = 1g

Note in Tables 4.5 - 4.18 that the concentration data are given for ashed mass and per
litre of water.

3.7  Scenarios for dose assessment modelling

The GENII code allows several scenarios to be modelled. For this project the following
options were chosen:

» Far field scenario
» Dose to a maximum individual adult from chronic exposure
» 1 vear intake pericd
» 50 year committed dose period
» Exposure paths: a] drinking water
consu tlon of irrigated foodstuffs
> Radionuclides, U and

Exposure pathways such as inhalation and swimming in contaminated water were not
considered. The option for transport in environmental media was not used because the
radionuclide concentrations in the water and foodstuffs consumed were assumed known
as determined by field and pot experiment measurements.

The quantitative details of the input parameters used for radionuclide concentrations
in water and food, volume or mass of food consumed annually all as fresh mass are given
in Table 3.6. Concentration values chosen are meant to reflect realistic values found
in the field. The consumption values chosen are conservative and reflect a possibie
extreme case for potential exposure. Usually the water found in streams near mining
areas on the Witwatersrand are not used for drinking. [t is assumed that vegetables
consurned are all from contaminated irrigation water. Consumption of oats is
separately evaluated assuming a daily breakfast intake and a high concentration value
based on the Marievale sample.
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Table 3.6 Input parameters for GENMN dose asessment code

Drinking water Vegetables Cereals (ocals) Fish Sail
Consumgt ion
Nucl ide (.‘A:m-:_:1 Consmne‘. ion Conc._‘] Conc._*] Consumpt.ion C1:mc._"l Consumplion Conc:‘; Ingest. ifm
Bq. 2 2.y Bq. kg | Lealy Roots, Iig. kg_” kg.y Hq.kg | kg.y Ba.kg mg. ¥
{pa.g ) gy k. y (- R (bg.9 ) {ng.97 ") .
e _———
238, 0.8 730 0,3 30 90 6,1 a0 0,12 25 150 a
(D,024) {0,494} {0,010) (12,2}
226p, 0,04 730 0,25 30 90 B,6 80 2,5 25 25 410

= Concentration units per fresh mass ** Concentration units per dry mass

Abbreviation: Conc, - Concentration

(¥4




4 RESULTS

Irrigation water and soil samples were collected for physical and chemical analysis at
the same time as vegetable samples for radionuclide analysis. AL the Marievale,
Vlakfontein and Luipaardsvlei farms the same irrigation water samples, collected
according to procedures described in Chapter 3, were used for both the physical-
chemical and radionuclide analysis.

4,1 Physical and chemical characteristics of irrigation water and soil samples
collected at the Marievale, Vlakfontein and Luipaardsvlei farms

No samples of the water and sediments were collected for uranium and 226Ra analysis
during the preliminary survey of these radionuclides in selected aquatic organisms
during 1989-90 (Table 4.3). However, during the main survey of 1990-92, irrigacion
water as well as soil samples were collected at the Marievale, Vlakfontein and
Luipaardsviei study areas for this purpose (Table 4.4). These are discussed in later
sections.

4.1.1 Marievale farm

Results on the physical and chemical characteristics of the irrigation water and soil
samples are summarized in Table 4.1. pH values for the six composite water samples
were relatively constant, fluctuating between 7,5 and 7,9 (Table 4.1a). Electrical
conductivity of the samples were high, reflecting the high amount of Total Dissolved
Salts {TDS) i 1n the irrigation water. Values for this parameter ranged between 1400 and
1700 4S.cm™! (Table 4.1a). Alkalinicy values ranged between 72 and 102 mg.2~ L. Total
hardness concentrations varied between 193 and 397 mg.4 " reflecting to some extent
the effect of mining activities on the irrigation water. Ammonia, nitrite and nitrate
values as well as concentrations of phosphates suggest some mild organic enrichment
of the water (Table 4.1a).

Table 4.1a  Water quality of the Marievale farm irrigation water

I Hater Quality Parameter | ] 2 3 4 5 6
pH 7.5 7.6 7.6 7.6 7.7 7.9
Electrical Corduc?iwty {(1S.en” ) 1700 1700 1600 1500 1500 14060
Alkalinity (mg.2 79 72 79 180 75 102
Total Hardness (mg.e 1y 215 397 234 m 193 287
Ammonia (mg. 2" 1) <0,1 0,1 <0,1 <0, <0,1 <0,1
Nitrite (mg.2”)) <0,01 0,01 0,02 q,01 <0,01 0,07
Nitrate (mg.¢" ) 0.9 2,6 1,8 2,2 0,9 2,6
Phosphate (mg.d, ') 0.3 0,2 0.6 0.3 0.6 0,3
Sulphate (mg.2 |) §40 720 760 540 760 500

Soil pH values corresponded-well with those of the irrigation water (Table 4.1b). A
moderate percentage of organic material was present in the soils fluctuating between
0,43 and 0,70% (Table 4.ib}.
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Table 4.1b  Soil pH and organic content of several field plots on the Marie-

vale farm
Field plot M Organic content (1)
Carrots 0,48
Beatroot a,43
Lettuce a.a1
Cabbage Q.70
Caunliflower 1,68

4.1.2 Vlakfontein

At the Viakfontein farm, the pH of the 1rr1gatlon water was sllghtly alkaline with values
for electrical conductivity (1400 pS.cm”™ ) hardness (1419 mg.£~ Iy as well as sulphates
{950 mg.2~ l) clearly reflecting the effects of mining activity on the water qualn:y of
irrigation water used on this farm. The alkalinity of the water was low (16 mg.¢&~ } with
values for ammonia (0,22 mg.2” by, nitrice (0,01 mg.2” L), nitrate (2,4 mg.g” ) and
phosphate (<0,01 mg.ﬂ'l) being generally lower than those at Marievale {Table 4.2a).

The soil pH was alkaline at all the randomly selected sites on the farm where samples
collected varied between 7,26 and 7,68 (Table 4.2b). The organic content of the soils

were on the average slightly higher than that of the Marievale farm.

Table 4.2a  Water quality of the Vlakfantein irrigation water

Water Quality Parameter Irrigation water pumnp sample

pH 7.1

Electrical Conductivity (uS.cm™) 1400
Alkalinity {mg.2~ l) 16

Total Hardness (mg el 1419
Ammonia (mg.£~ 1y 0,22
Nitrite {mg.2™}) 0,01
Nitrate {mg. el 2,4

Phosphate {mg. E 1) <0,01
Sulphate (mg.2"1) 950

Table 4.2b  Soil pH and organic content of randomly collected soil samples at
Vlakfontein farm

Sampie No. pH Organic Content (%)
1 7,68 0,55
2 7.47 1,32
3 7,31 0,76
4 7,26 0,98
Mean 0,90




4,1.3 Luipaardsvlei

The water quality parameters at the three adjacent farms as well as the soil conditions
(Tables 4.3a &b) showed prevailing conditions to be mildly acidic to alkaline. Water pH
values fluctuated between 6,4 and 8,1 {Table 4.3a). In all three cases, the effect of
mine acid waters on the electrical conductivity, hardness and, to a lesser extent,
sulphates are reflected in the results. The alkalinity of the irrigation water at all three
farms remained below 50 mg.2"! (Table 4.3a).

There was a considerable difference in the pH of the soils at the three farms fluctuating
between 4,34 and 8,23 (Table 4.3b). These differences in soil pH has a marked effect
on the solubility, speciation and bio-availability of uranium, ““’Ra and other trace
etements at these sites.

Table 4.3a  Water quality of the Luipaardsvlei irrigation water

Watar Quality Parameter LP1 L2 LP3
pH 8.1 5,4 8,9
Electrical Cnnducf'i\nty {pS.om ) B0O 100 900
Alkatinity {(mg.£& a7 22 as
Total Hardnessx(rrg E ) 219 148 185
Ammonia {mg.€@ 1) 0,039 0,118 0,142
Nitrita (mg.e ) 0,01 2,01 0,0
Nitrate (mg.2” ), 0,6 1,1 Q,9
Phosphate {mg. “1 ) 0,05 0,18 0,10
Suiphate {my.£€ ') 140 165 125

Table 4.3b  Scil pH and arganic content of the three Luipaardvlei farms

' Farm pH Organic Content ()
P a.21 0,67
Lp2 $,34 0,65
LP3 5,30 0,88

4.2 Uranium and 226Ra in the water and soils of the Marievale, Vlakfontein and
Luipaardsviei study areas

According to the results obtained, concencrations for both uranium and 22ﬁRa were
significantly lower than their respective standards laid down for drinking water at both
the Marievale and Vlakfontein farms. At Luipaardsviei, however, the composite
irrigation water samples obtained from three adjacent localities yielded variable results
with two values for uranium of more than 50 pg.2 °. The highest of these values
exceeded 56 pg.¢” I {Table 4.4a). In both cases the drmkmg water guideline value of 44
¢g.2~" for uranium (Funke, 1990) was exceeded. Somewhat different conditions existed
for Ra, where the mean and individual concentrations obtained for the various
composite water samples at both Marievale and Vlakfontein were less than one tenth
of that laid down for drinking water standards {Table 4.4a). Even at the Luipaardsvlei
localities, where comparacively high uranium concentrations were recorded (Table 4.4a),
the concentrations for Ra were on the average still at least one tenth of that of the
drinking water guideline {Funke, 1990).
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Table 4.4a  Concentrations of uranium and 226Ra in water samples collected at the Marievale, Vlakfontein and Luipaardsviei farms.

Marievale Hater
Irrigation sample
cycle Urani_gln Radiw No.
(h} Hg- 2 Bq.2
1 16,0:0,6 <0,007 Farm ave.
2 17,3:0,7 0,02:0,01
3 16, 5:0,6 0,010,007
4 15,620,6 0,0210,01
5 16,210,6 0,01610,007
6 17,2+0,7 0,020,003
il Moan 16,6 0,014

]Ur'an‘ium and radium

Lr

in drinking water {South Africa) {Funke,

Viakfontein Water Luipaardsvlei

Minking water
guideling values

sample
Ur'ani_uln Radiu:r No.

28,2:0,8 | 0,075:0,014 | 1 52,611,4 | 0,018:0,006
2 10,610,3 | 0,022:0,008
3 56,1¢1,5 0.018:0,007
Mean 39,8 0,012

1990)




Tabie 4.4

Concentrations of uranium and 226Ra in soil sampies collected at the Marievale, Vlakfontein and Luipaardsvlei farms.

1

Radium in natural soils ([AEA, 1990)

2yranium nearby U-mine in agricultural soil {Morishima et al., 1977)

Concentrations of uranium and 225Ra per dry mass soil.

v

JUranium in cantrol sail (Tracy et al., 1983)

Uranium in soil core 15-30 cm underground (Tracy et al., 1983}

Sediment
Marievale Field Vlakfontein Field Luipaardsvlei guidaline values
Field plot u aad plat plot U a Locat ion

ranic it No. Uranit Rad i__ No. ranic ad iu Uran iL Rad iu

99-9‘1“ B-tl-Qm‘I m.g.“n Bq-guT ug-guln ﬂq-gur 4.4 u!n Hq-gmr
Lettuos ELE 0,025:0,004 1 1 5,63:0,16 {0,00) 1 3,110,1 {Q,03) NaLk. soill -— 0,004~

0,126

Cabbage -— 0,019:0,012 | 2 ¥, 75:0,19 0,032:0,016 2 13,610,3 (0,02) Umimz 2,8-5.6
Caulif lower -— 0.019:0,012 | 3 6,4010,17 (0,005) k| 40,210,8 0,0664+0,012 U-contru13 1.5
Beetroot ——- 0,029:0.006 | 4 4,8610,17 0,023:0,009 Hean 19,0 {0,039) U@m‘ 3,8-760
Carvots ——— 0,034:0,003 7 Irr. pump 5,7710,16 0,03:0,MN
Mcan -—— 0,025 Mean 6,08 a,028




No specific standards are available for uranium and 225Ra in soils, However,
concentration values were obtained for soils in the vicinity of uranium mines in other
countries (Morishima et al., 1977 ; Tracy et al., 1983) as shown in Table 4.4b. In the
case of Ra, concentrations for radium in natural soils are provided by the 1AEA
{(1990). In wuranium soil core samples an extremely high concentration For this
radionuclide (3,8 - 760 Jug.g‘1 : Table 4.4b) was recorded in the USA (Tracy et al., 1983).
Concentration values for uranium was only obtained from the field plots at the
Vlakfontein and Luipaardsviei areas. In the case of Vlakfontein, individual and mean
coacentratioas (6,08 ng.g"l) all exceeded those found for soils in Japan {2,8 - 5,8 ,ug.g“l
: Morishima et al,, 1977} and in some cases the USA (3,8 - 760 ,ug.g‘1 : Tracy et al.,
1983) (Table 4.4b}. At the Luipaardsvlei farms, a considerable variation in uranium
concentration was found in the soils, which varied fram 3,1 to 40,2 ;.zg.g'l. Uranium

concentrations for these soils exeeded in all three cases those recorded in Japan and
USA (Tabled.4b)

Mean and individual concentrations for 226Ra in the soils at Marievale, Vlakfontein and
Luipaardsvlei were all in the range of concentrations quoted for natural soil by the
IAEA (1990} (Table 4.4b).

4.3 Uranium and 226Ra concentrations in some aquatic organisms

The concentrations of uranium and 226Ra in selected aquatic plants, macro-
invertebraces, fish and aquatic birds collected during the preliminary survey are lisced
in Table 4.5. Variable but relatively high concentrations were obtained for the
emergent, floating and submerged aquatic weeds collected at four different localities
from the mining areas of the East Rand. Concentrations for uranium fluctvated
between a highest of 111 ug. g'I {Typha capensis : Blesbokspruit) and a lowest of 12,5
,ug.g"]L (T.capensis :Germiston lake) (Table 4.5a). In the case of Ra, values for T.
capensis were a257am the highest in the Blesbokspruit (0,153 Bq.g~ 1 followed by Arundo
donax with a 228Ra coancencration of 0,195 Bq.g™" (Germisten lake) (Tabte 4.5a),
Comparatively high concentrations of ""gRa were recorded for submerged and rooted
floating weeds. The 226Ra concentracion for Marsilea macrocarpa was 0,082 Bq.g_1 and
for Lagarosiphon muscoides and Potamogeton peccinatus 0,305 Bq.g * and 0,178 Bq.g ™,
respectively (Table 4.53).

During the main survey, uranium and 2%Ra analysis were also made on Spirogyra sp. and
P. pectinatus from a stream at Luipaardsvlei. Concentratmns for uranium was
comparatively high for both Spirogyra sp. (52,6 pg.g ) and P. pectinatus (85,9 pg.g )
(Table 4.5b). In both cases {Spirogyra sp.: 1,27 Ba.g™" ; P. pectinatus: 0,76 Bq.g 1)
values obtained for Ra were, however, relatively low (Table 4,5b). Compared to the
aquatic plants, the concentration of uranium in the freshwater crab, Potamonautes
warreni, was considerably lower than 1n the plants (1,37 pg.g -1, Natalspruic), [Its
concentration of 220Ra was 0,033 Bq.g”! (Table 4.5a).

Comparing both the uranium and 226R, concentrations obtained far the different fish

species analyzed, both radionuclides appeared in both instances to be also distinctly
lower than those found for the associated aquatic plants. This particularly applies to
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Table 4.5a  Aquatic plants, macro-invertebrates, fish and aquatic birds collected for vraniem and 226Ra analysis during 1989-1990.

— —-.:-'._—1
Blesbokspruit Elsburgspruit Germiston lake Natalspruit
Organism ' 226 226 226 226
Urani_uln -1 Ra Uranit - ‘Ra Uran‘i_ 1 Ra Urani iy 1 Ra
(rg9.9° ', (Bq.g . ash) {bo.9 ', {Bq.g ", ash) (vg.g (Bq-g ', ash) {ra.9"", (Bq.9" ", ash)
ash) ash) ash) ash)
AQUATIC PLANTS
Aralla filiculoides 47.9 <0,099 -— —_— - -—- o -—
Marsilea macrocarpa 37,9 <0, 092 58,4 0,082 : 0,011 --- . - --
Lemna major --- --- --- --- Shas --- .7 <0, 109
Lagaros iphon muscoides - .- --- --- --- --- 26,4 0,305 = 0,017
fotamogeton pectinatus --- . 1,1 «<0,039 -——- -— 18,0 0,178 ¢+ 0,009
Typha capensis 11 0,153 : 0,01 18,5 <0,037 12,5 0,097 + 0,M3 15,3 <0,076
Arundo donax 37,7 <0, 162 15,8 <0, 071 18,1 0,195 + 0,015 14,2 <(), 087
| r—e——————
HACRO- INVERTEBRATES
Potamonautes warreni ——— - ~-- --- --- --- 1,37 <0,033
FISI '
Harbus aenous —— - ——— - - - 0,32 <0,064
Cyprinus carpio D,B9 <0,045 e --- --- --- --- -
Clarias gariepinus 4,99 <0,036 -— e 2,42 <), 065 0,60 <0, 063
Tilapia sparrmanii 1,33 <0, 04 . —— - —n— —_— -
%—W
AQUATIC BIRDS
Fulica cristata - -—- -—- - -— -— 0,56 <0,034
Phalacrocorax carbo -— -—— - === == -== <0,17 <0,074

0S




Table 4.5b  Aquatic plants coliected at Luipaardsvlei durfng 1991-1992 and-analyzed-
for uranium and Ra.

Aquatic plants . Uranium (Bq.g™1) 'Radium (Bq.g™1)
I R IR
Spirogyra sp. 52,6 + 0,9 1,27 = 0,01
Potamogeton pectinatus 859 :0,8 0,76 £ 0,01

uranium, where values fluctuated between 4,99 ug.g'l (Clarias gariepinus: Blesbokspruit)
and 0,52 ug.g"l (Barbus aeneus : Natalspruit) {Table 4.5a). The concentration data given
here are based on complete fish samples which gives a higher value than for the edible
portion on its own. This is because radium accumulates in the bone and invariably the
gut contains sediment and higher concentrations than the flesh.

In the the two aquatlc birds analyzed for uranium, levels were distincly lower for Fulica
cristata (0,56 ug.g” 1} and Phalacrocorax carbo(<0,17 Lg.g" 1) than far the fish collected.
However, concentrations for 228R4 in both these birds remained about the same as for
the crab and the fish {(Table 4.5a). : "

4.4 Uranium and 226R.a in selected vegetable crops and cattle fodder from the three
different farms at Marievale, Viakfontein and Luipaardsvlei

During the growing season of 1989-1992 collections were made of vegetable crops and
cattle fodder at the three farms where water and soil samples were also analyzed for
uranium and Ra. The first investigation into the occurrence of these radionuclides
in the vegetable crops took place at the Marievale farm. At this farm, carrots used in
the analysis were pooled from different areas of the land from which it was cultivated.
The other crops were randomly collected from the various field plots and individually —
analyzed to determine possible variation in concentrations (Table 4.6 - 4.9),

All material collected of the different crops were first dried and ashed and then sealed
in bottles for later analysis according to procedures described in Chapter 3. This
procedure lead to values obtained for both uranium and =““Rawhich in most cases were
below the detection limit for this particular analytical procedure. During the
subsequent sampling and analysis of vegetable crops at Viakfontein and Luipaardsvlei,
all biological samples were ashed but the materials were then acid digested and
analyzed as liquid samples according to procedures described in Chapter 3. This
approach enabled the detection of lower concentrations of bor.h radionuclides and a
considerable increase in the accuracy of the results.

Note: Concentration results are given for ash mass for plants, dry mass for soil and
liquid mass for water while concentration ratios use the fresh mass
conceatrations for plants.



4.4.1 Marievale farm

Uranium values for the different vegétable crops cultivated at the Marievale farm are
listed in Tables 4.6 - 4.9, The: root vegetables yielded the thhest values for uranium
namely 0,23 ug.g 1 for carrots, and: 0 21 ug.g “lig 0,36 pg.g™" for beetroot. This was
fallowed by cauliflower with uranium concentrations varying between 0,1 ug. g"l nd
0,17 pg.g °. Lowest concentrations occurred lI‘I cabbage where concentrations
fluctuated between 0,02 pg.g -1 and 0,027 ug. g (Table 4.8). Where values were
obtained for 226Ra, the concentration levels for the different crops were similar,
fluctuating around 0,01 Bq.g“1 for bath the root and leafy vegetable crops (Table 4.8).
As shown in Tables 4.6 - 4.9, only the water/vegetable ratio for uranium was calculated
whereas both water and soil concentrations of Ra were used to determine the
concentration ratios {CR} for the different crops. Highest CRw values for uranium were
recorded for beetroot fluctuating between 0,33 and 0,46 (Table 4.6). This was followed
by carrots (0,16) with variable ratios obtained for cauliflower (0,07 - 0,12), lettuce (0,03
- 0,06) and cabbage (0,0095 - 0,12} (Tables 4.6 - 4.9). Although the results were limited,
indications are that the highest CR-values for both radionuclides occurred in the root
vegetables.

With the exception of beetroot, CR-values for 225Ra for both the water and soil were
not only variable in both cases, but did not display any distinct tendencies. In the case
of beetroot the CRw values were approximately double that of the soil (Table 4.6). In
all the other cases, CR-values for both water and soil were extremely low, varying
between {1,002 (Lettuce : CRs) and 5,6 {Cabbage : CRw) (Tables 4.6 - 4.9).

From the CR-values obtained for both uranium and 225Ra, it can be deduced that these
crops were not very efficient in accumulating these radionuclides from either the
. irrigation water or the soils in which they were grown.

4.4.2 Vliakfontein farm

The concentrations of uranium and 22°Rain selected vegetable crops cultivated on this
farm are summarized in Table 4.10. In addition to carrots, beetroot and lettuce,
spinach, leeks and turnips were additional vegetables investigated for their ability to
accumulate uranium and Ra from the soil.

Concentration values for uranium and 225Rain the different vegetable crops grown at
the Vlakfontein farm revealed interesting results. Where the root vegetables at
Marievale farm generally had higher concentrations of both uranium and Ra
compared to the leafy vegetables, this situation did not apply to the spinach grown at
Vlakfontein Spinach leaves had the h1%hest concentratlons of all the crops with 2,5
1g.g I {ash) for uranium and 0,023 Bq.g™" (ash) for “26Ra (Table 4.10). Values obtained
for leeks and lettuce were correspondingly lower than those for beetroot and carrots,
but turmps zyéielded intermediate concentrations of 0,13 ug.g ~l for uranium and 0,0014
Bqg. g Ra which in both cases were between those for leafy and root vegetables
(Table 4.10).



Table 4.6 Concentrations of uranium and 225Ra in root vegetables (carrots and
beetroot) collected at Marievale farm with an indication of CRs {soil) and
CRw (water) values,
_!.llraniun 226 a
Fresh mass bry mass Ash mass {bg.9" _ash, soil} {B4q.9" " ash,
Sample (a} (g) {g) {ng.&"' water) s0i1)
(Bq.&  water)
Soil; X & 5.0. --- n-- - - 4,334 = 0,0003
Rater: % £ S.0. ——— -—- --- 16,6 = 0,6 0,014 = 0,007
Carrots ; X £ 5.0, 224, 56 23,32 2,54 2,23 =+ 0,04 {0,01)
CRs == --- —— -— (0,003)
CRw - - — 8,16 = 0,03 (7,10}
Soil: ¥ £ 8.0 -— - —— - 0,029 = 0,006
Water: X & 5.0, - - -_— 16,6 £ Q0,6 0,014 = 0,007
Beetrt. 1 ; X & S.0. 35,34 16.29 1,88 0,36 = 0,05 N.D
CRs — -— —-— -— N.O
.CRw -— ——— -— a,431 = 0,07 N.O
Sail; X & 5.0. — . — ——- 0,029 = 0,006
Water: X & 5.0, -—— .- -— 16,6 « 0,6 0,0%4 & 0,007
Beatrt. 2 : X ¢+ S.D. 81,09 14,08 1,18 N.D (8,01
CRs —_— - - - (D,005)
CRw —— -—= -—- N. D (10,9)
Soil: ¥ ¢+ §.0. -— - -— - 0,029 = (0,006
Water: X + S.D. o --- - 16,6 = 0,6 0.014 = 0,007
Beotrt. 3 : X ¢+ 5.D. 110,07 18,13 3.96 8,21 = 0,04 N.D
CR= -— ——— -— -— N. D
CRw —— -—- o 0,46 = 0,1 N, D
5011: X & S.D. - --- --- - 0,029 = 0,006
Hater: X & S.0. -—= -—- -=n 16,6 £ 0.6 0,004 = 0,007
Begtrt. 4 : X £ 8.0. 82,8 14,568 2.28 0,2 = 0,04 N.D
CRs —-— ——— —-— -— N.D
CRw — —— - 0,33 + 0,07 N.D
S0ils i'_t 5.0. —— -— - —~—— 0.029 & 0,006
Water: X + S.D. -— ——— -— 6,6 = 0,6 0,014 « 0,007
Beetrt. 5: X £ 5.0, 04,9 18,53 2,68 N.D {0,01)
CRs —-— -— -— -— (0,006)
CRw _ —— —— -— | N.D {12,0)
# Concentrations below the detection 1im:tT are indicated in brackets,
Standard deviations were calculated on counting statistics and not on replicate amalysis.
«——: = Not Determined N.D,: =z Selow detactign Timit but no est.mated value could be given,
Uranium and gggﬂa in 504l exoressed ag ;.:f;,l.g".i and Bq.g‘11respective1y for a dried sample.
Uranium and 226Ra in water expressed as ng.@ = and, Bg,2” reg?ec:ive'fy.
Uranium and Ra in vegetables expressed as pg.g = and Bg.g  respectively for an ashed
sample.
CRs: Concantratien Ratia of plant (fresh mass) (per gram) concentration over soil
concentration {per gram)
CRw: Concentration Ratio of plant {fresh mass) (per gram) concentration over water
concentration {per Imd)
For 2280; 18q = 80,9 ug




Standard deviations were calculated on counting statistics and not on replicate analysis.

=-==: = Not Datermined N,D.: s Below detection limit but no astimated value could be given.

Uranium and
Uranium and

226
226

sampla.

ed as yq.9

and Bg.g

Ra in 5011 expressed as ug.q'11and Bq.g'l respectively for a dried sample.
Ra in water expressed as ug.@ and}Bq.G rEE?ective1y.

Urantun and 226Ra in vegetables exarass respectively for an ashed

CRs: Concentration Ratio of plant (fresh mass) [per gram) concentration over soil

concentration {per gram)

CRw: Concentration Ratio of piant (fresh mass) (per gram) concentration ower water

concentration (per img)

For 238y; 1Bq = 80,9 ug

Table 4.7 Concentrations of uranium and 226Ra in lettuce collected at Marievale
farm with an indication of CRs (soil} and CRw (water) values.
aniun 226 =]
Fresh mass Dry mass Ash mass {bg.g” _§sh. soil) {Bg.qg" ' ash,
Sample (g) {9) {q) {ng.2" " water) sa3)
{(Bg.2”' water)
Soil: X * 5.0, — — —— — 0,025 = 0.004
Water: € & S.D. — -— - 16,6 = 0,6 0.012 + 0,007
Lettuce 1 : X ¢ S.0, 218,33 5,54 1,36 0,09 = 0,03 N.D
CRs -— ——— - - N.D
CRw aan ——— -—- 0,03 = 0,01 N.D
Soil: X & S.0. ann - -— - 0,025 = 0,004
Water: X z 5.D. —— - --- 16,6 = 0.6 0,014 = 9,007
Lattuce 2 : % = 5.0, 321,70 12,38 1,61 0,17 = 0,04 M.D
CRs -~ ——- -— -=- N.D
CRw — -— -— 0,06 « 0,02 N.D
Sof1: ¥ & 5.D. _— ——— ——— — 0,025 = 0,004
water: ¥ ¢ S.D. - --- - 16,6 « 0,6 0.014 + 0,007
Lettuce 3 : X + S.D0. 326,01 12,84 2,09 N.D {0.01)
CRs ——- ——- —-- e (Q,0023)
CRw -— o — N.D (4.5)
Soil: ¥+ S.D. - —-— — - 0,025 = 0,004
water: X t 5.0, - - - 16,6 = 0,8 0,014 £ 3,007
Lettuce 4 : X + 5.0. 309, 51 12,42 1,61 N.O {0.01)
CRs -— -— - -—- {0,002}
CRw ——- ——— - N, 0 (3,7)
S0il: ® 2 5.D. —- -— -— S~ 0,025 + 0,004
Waters X £ 5.0, --- --- - 16,6 = 0.6 0,014 & 9,007
lettuce 5+ X £ 5.D. 162,09 6,63 0,97 0,08 = 0,03 N.D
CRs a— _— —— -— N.D
CRw -— - -— 9,03 = 0,01 N.D
H Cancentrations below the detection limit are indicated in brackets.




Table 4.8 Concentrations of uranium and 226Ra in cabbage collected at Marievale
farm with an indication of CRs (soil) and CRw (water) values.
Uranium 2260
Fresh mass | Dry mass Ash {wg.g” " ash, {Bq.q" ' ash,
Sample (a) {a) mass sqit) sq 1
{q) {ug.2" ' water) {Bq.2" water)
Soil: R ¢ 8.0, --- ~—— - ——- 0,019 = 0,012
Water: ¥ & S.D. - -— -— 16,6 = 0,6 0,014 + 0,007
Cabbage 1 : X & 8.0, 219,33 18,28 1,87 (0,02) .0
CRs -—- —— - — N.D
Chw -—- —— — - N.D
Sail: ¥_& 5.0, - -— - na- 0,008 = 0,012
Water: X * 5.D. —-- - - 16,6 = 0,6 0,04 = 0,007
Cabbage 2 : ¥ £ 5.D. 229,07 18,47 1,65 0,022 = 0,02 N.D
CRs —- - ——- -— N.D
CRw o~ e - 03,0085 = 0,000 N.D
Sail: X » 5.0, — — -—- - 0,079 = 0,012
Water: X £ 5.0. -— .- -—- 16,6 = 0,6 0,012 = 0,007
Cabbage 3 : X & 5.0, 2241 18,53 1,63 9,027 = 0,02 M.D
Chs ——— —- — —_— N.D
CRw — - - 0,012 = 0,009 N.D
Soil: X + 5.0, - --- - --- 0,018 & 0,012
Hater: X & 5.D. -— —-- -— 15,6 = 0,6 0,014 = 0,007
Cabbage 4 ;: X = 5.D. 232,38 13,58 1,82 N.D a,01 = 0,005
CRs - o - N.D 0,004 = 0,003
CRw — — _ND 5.5 r 3,2
L

Concentrations balow tha detection limt are indicated inm brackets.
Standard deviations were calculatee on Zounting statistics and not on replicate amalysis.

Uranium and 226

Uranium and
Uranium and 228
sample.
CRs: Concentration
concentratian
Concentration
concentratian

CRw:

Far 238): 189 - BO.

and_Bq.2

1

raspectively,
and Bq.g'?eg

' =--: = Not Determined N.D.: = 3elow detection limit but ng estimated value could be given,

225Ra in 80il expressed as ug,g'l and Bq.g'1 respectively Tor a dried sample.
Ra in water expressed as wg.2

Ra in vegetables expressed as ug.g espectively for an ashed

Ratio of plart [ “resn mass) (per gram) concentration over 507}

(per gram)

Ratio of alant {¥-esn mass] (per gram} concentration aver water

(oar 1m@)

9 ng

o

¥ ]



Table 4,9 Concentrations of uraniumm and 226Ra in cauliflower collected at
Marievale farm with an indication of CRs (soil) and CRw (water) values.

anium 225'Pa
Fresh mass Dry mass Ash mass (ug.9” ?sh. 5011} (8q.9" ash,
Sample {g) (=) (g} {ug.@ ' water) =qi1)
{Bq.g ' watar)
5aii: ¥ z 8.0, — “—— - —— 0,019 = 0,012
Water: X = 5.0. a— -— - 16,6 = 0,6 0,014 £ 0,0074
Caulif. 1 : X ¢ S.D. 130,56 18, 24 2,18 0,1 £ 0,03 N, D
CRs —-— -—= - — M.D
CRw -— -~ - 0,07 = 0,02 N2
Soil: ¥ + S.0. — — - _— 0.07% = 0,012
Water: X £ 5.D. ——— -— ——— 16,6 = 0,6 0,074 = 0,0074
Caulif, 2 : ¥ £ S.D. 145, 32 12,96 1,65 8,17 & 0,08 M.D
CRs - -—- ~-— ——— N.D
Chw -— - ——= §.,12 = 0,03 N.O
Sail: X ¢ 5.0, ——- -—- -— -——- 9,419 = 0,012
Water: X + 5.0. -— ——- -— 16,6 + 0,6 0,014 + 80,0074
Caulif, 3 : X £ 5.D. 188,77 18,58 2.1 N.O (0,01}
CRs -— --- -—- -—— (G, 006)
CRw — .- - N.O (0,008)
Soil: X & S.D. - -— - —— 0.019 = 0,012
Water: X + 5.0, - -—- -— 16,8 = 0,6 0,814 = 0,0074
Cauiif. 4 : ¥ ¢ S.0. 191,02 18,28 2,22 9.13 £ 0,03 N.D
CRs —— -— —— —_— N.D
CRw - --- — 0,09 = 0,02 N.D
—_—
# Concentrations below the detection l:mit are indicated in brackets.
Standard deviations were calcuwlated an —cunting statistics and rot on replicate analysis.
-=-: = Not Determined WN.D.: = Below cetection Timit but no estimacted valus could ba given.
Uranium and gggRa 1n sail expressed 3s -..g.g'1 and Bq.g-1 respectively for a dried sample.
Uranium and ZZBRa in water expressed as w9.¢” and Ba.g” reg?ﬁﬁtwew.
Uranium and Ra in vegetables exprossed as pg.q  and Bg.g  respectively for an ashed
sample,
CRs: Concentration Ratio of plant ! “resn mass) (per gram) concentration over soil
concentration {per gram)
CRw: Concentration Ratio of plamt /‘-ss~ nass)} (per gram) concentration over water
concentration {per 1mg)
For 238 : 18g = H0,9 ug




Table 410 Concentrations of uranium and 22°Ra in selected vegetable crops
coliected at Vlakfontein farm with an indication of CRs {soil} and CRw
(water) values,
Uranium fzsﬂa
Fresh mass | Dry mass | Ash mass (ug.q" ' ash, (Bg.g~_ash, soil)
Sample (9} (g} (3) sqi1) (Bq-&~' water)
(1g.2" " water}
Sail: ® & 5.0, —— m—— -—- 5,1 =0,2 5,027 = 0,00
Hater: ¥ & 5.0, --- ——— --- 28,2 = 0,80 0,075 = 0,014
Spimach: ¥ ¢ S.D. 2593 227 51,1 2,5 = 0,1 0,023 + 0,001
CRs J - — d,008 & 0,0006 0,02 + 0,008
CRw _— _— ——- 1,7% = 0,01 6,0 £ 0.0
S041: ¥ & 5.D. — - - 6,1 = 0,2 9,027 + 0,000
Watar: X £ 5.D. PO -— -— 28,2 = 0,80 0.075 = 0,014
Leek: X + S.0. 880 131 8,3 0,07 = 0,02 (0,0011)
CRs - - — 0,00031 = &,00003 (D,00037)
Chw —- - - 0,023 ¢« 0,008 (Q,14)
Saoil: ¥ & S.D. ——— -— — 6,1 24,2 0,027 = 0,007
Water: X ¢ S.D. —— - ——— 28,2 = 0,80 3,075 = 0,014
Turnip: X + 5.0, 1613 130 16,5 0,13 £ 0,02 2,004 = ©,0002
CRs - — .- 0,00026 « 0,00005 0,00063 + 0,00042
CRw - w— - 0,056 = 0,008 0,23 = 0,006
Soil: %+ 5.0, ——— — - T B 20,2 0,027 & 0,001
Water: ¥ £ S.D. - - - 28,2 + 0,80 0,075 = 4,014
Lettuce: X + S.0. 2369 96,9 18,5 8,17 + 0,03 0,0017 = 0,0004
Cls - ——— —— 0,00022 + &,00005 0,00048 + 0,00036
CRw —— .- - 4,047 = 0,001 0,18 = 0,010
Sail: X + S,0. ——— - -— 6,1 0,2 0,027 = 9,00
Water: ¥ + 8.0, — — - 28,2 = 0,80 0,075 £ 0,014
Beetroot: X + 5.0. 1487 256 24,8 1,7 £ 0,1 0,003 = 0,0005
CRs am— - - a,0047 > 0,0004 0,0018 + 60,0012
CRw — - ——— 1,0 = 0,005 0,67 « 0,014
Sail: X_ S.0. a— - —- 6,1 0,2 0,027 = 0,001
Water: X £ 5.0 —_— —— —— 28,2 = 0,80 0,075 = 0,014
Carrat: X t S.D. 1456 171 20,7 1,7 £ 0,20 0,0041 = §,0005
CRs -— - — 0,004 + 0,00086 0,0022 = 0,0013
CRw “—- ——- —- | 0,86 = 0,009 0,78 = 0,017
= Concentrations below the detection limit are indicated in brachkets.

CRs:
CRw:

Uranium and
Uranivm and

226

sample.

For 238y; 18q = 80,9 ug

andTBq.E'

and 89,9

raspectively,
f respectively for an ashed

Standard deviations were calculated on counting statistics and not on replicate apalysis.
-==: = Not Determinad N.D.: = Below detection limit but no estimated value could be given.

226Ra in soil expressed as ug.g'z and Bﬁ:t.g'.I respectively for a dried sample.
ZZERa in water expressed as pg.d d
Uranium and Ra in vegetablaes expressed as pg.g

Concentration Ratio of plant {frash mass) (per gram} concentratian over sail
concentratian {per gram)
Corzentration Ratio of plant (fresh mass) (per gram) concentration over water
concentration (per 1md)




The CR-values for the soil and water were roughly reflected by the acrtual
concentrations of both radionuclides in the soil and water. Highest CRw values of 1,75
for uranium was recorded for spinach with a corresponding 0,008 for the CRs. The
second highest CRw value, namely 0,86 was obtained for carrots. The CRs of uranium
in carrots was, however, very low (3,004) and of the same order as for beetroot (0,0047)
(Table 4.10). In the case of leeks, turnips and lettuce, the CR-values remained low

fluctuating between 0,023 and 0,056 for water and 0,00011 to 0,00026 for soil (Table
4.10).

CRs-values for uranium were low, with a highest CR of 0,008 recorded for spinach,
followed by beetroot (0,0047} and carrots (0,004). CRs-values for leeks, turnips and
lettuce were of a similar order of magnitude, fluctuating between 0,00011 and 0,00026,
respectively (Table 4.10).

The CRw-values for 226!-13 for leeks, turnips, lettuce, beetroot and carrots were of the
same order of magnitude, fluctuating between 0,14 and 0,78. The only exception was
spinach, which yielded a value of 6,0 which was one order of magnictude higher than the
latter. Nearly a similar picture emerged from the CRs-values for Ra. A highest
CRs of 0,02 was recorded for spinach, while the other CRs-values ranged between
0,00037 (leeks) and 0,0022 (carrots).

There was a difference in the types of irrigation used at these farms. Where flood
irrigation was practised at Vlakfontein, spray irrigation was used at Marievale. Factors
such as soil-pH and species of these radionuclides involved may well have affected their
concentrations in the different crops.

4.4.3 Luipaardsvlei

At Luipaardsvlei, spray irrigated fodder produced on the three adjacent Farms as well
as the milk from cows which were fed on this fodder, were analyzed for uranium and
""SRa’ Cow dung was also analyzed to determine any possible declines in radionuclide
concentrations during the digestion process. All results are summarized in Tables 4.11 -
4,13.

Considerable variation existed in the concentrations of uranium in the fodder from the
three adjacent Luipaardsviei farms varving from 5,0 ;zg.g'l to 107 ug.g'l (Table 4.11).
Concentration values obtained for Ra varied much less with values fluctuating
between 0,055 to 0,094 Bq.g™} (Table 4.11).

C';alculating the CR-values for fodder from the soil and water for both uranium and

““Ra, comparatively high values were found in all cases. The CRw values at all three
farms fluctuated between 0,46 and 92,2 for uranium and 22,9 and 41,0 for 226Ra. CRs-
values on the other hand were much lower for both uranium (0,0025 - 0,072) and 226Ra
(0,00011 - 2,5), being a reflection in the first instance of the actnal concentration of
these radionuclides in the soil {Table 4.11},

Milk produced by the cows on two of these farms was analyzed for the presence of
uranium and 22%Ra {Table 4.12}, In both cases the uranium and Ra concentrations
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Table 4.11

Luipaardsvlei (Localities 1-3 (LP1 - LP3): Water and sediment transfer to
cattle fodder)

Uranium an
Uranium and
Uranium and 2%

Far 238y: 1Bg = 80,9 ug

}

and . 8q.2° res
and Bg.q

Tivaly.,
respectively for an ashed

CRs: Concantration Ratio of plart {fresn mass) {per gram) concentration over s0i]
concantration (per gram}

CRw: funcentration Ratio of plant (f-esh mass) {per gram) zoncentration over water
concentration {par Imé)

Standarg deviations were calculated an ¢ounting statistics and rot on replicate analysis.
---: = Not OJetermined N.D.: s 3e'cw Zactection limit but no estimated walue could be given,
Ra in sail expressed as -,.g.g'i and Eq.g'1 respectively for a dried sample.

Ra in water expressed as ug.@
Ra in vegetavles eioressad as pg.g

Ur'anl'lum 226 a
Fresh mass Dry mass Ash mass (pe.q” ' ash, (Bg.g~ ' ash,
Sample {g) (g} {9) 11) sqit)
{ug. 2" water) (Bq.4"" water)
Sail: ¥ = 8.0, —— -— w—- 1,1 =01 (0,003)
Water: X + S.D. ——— —— ——— 52,6 = 1,3 0,018 = 0,006
Fodder{LP1): X + 5.0, 2017 2085 14,2 50202 0,094 = 0,029
Crs .- ——- -— 10,0079 = 0,0006 (1.3)
CRw — - -—— 0,46 = 0,03 25,4 = 0,02
Soi1: X 1 5.0, - - —— 13,6 = 0,3 (0.92)
Water: X + S.D, - -— ——- 10,6 = 0,3 0,022 + 0,008
Fodder{LP2): X & 5.D, 1744 33a 16 107 £ 1,5 0,055 = 0,003
Cr= .= - - 0,072 £ 0,003 (2,5)
CRw ——— -— - 92,2 = 0,004 22,% = 0,0
S0i1: X _* 5.0, -— - - 40,2 » 0,8 0,086 = 0,012
Water: X t S.0. -— — - 56,1 = 1,50 0,018 = 0,007
Fodder{LP2): X & S5.D. 2032 283 20,6 8,15 = 0,25 0,061 = 0,078
Crs - - -— 0,0025 = 0,01 0,00077 = 0,00005
CRw — - v_u 1.8 = 0,000 41,0 = 0,03
Table 4.12  Luipaardsvlei (Localities 1-2 (LP1 - LP2): Cattle fodder to milk transfer)
[r——
Uranium 2%? a
Fresh mass | Dry mass | Ash mass {ug.g~  ash, {Bq.g” ' ash,
Sampla {g) {q) {9} fodder, milk) foddar, milk)
Fodder(LP1): % + 5.0. 2917 395 14,2 5,0 x 0,2 0,094 = 0,029
Milk (LP1): ¥ ¢ S.D. 5726 559 19,4 (9,21) 0,35 = 0,02
CRmi 1k/ fodder . -—- {0,029) 0,37 = 2,0013
Fodder(LP2): X ¢ S,D. 1744 334 5 106,5 = 1,3 0,055 = 0,028
Milk (LP2): X + S.D. 1364 147 25 0,22 £ 0,2 0,0051 = 0,020
CRmi 1k/ Fodder — —— 0,044 ¢ 4,00003 | 0,185 = 0,008
10
" Concentrations below the detection 1:mie are indicated in brackets.




Table 4.13  Luipaardsvlei {Localities 1-3 (LP1 - LP3J): Cattle Fodder to Faeces

transfer)
1 anium 226, a
Fresh mass | Dry mass | Ash mass {vg.q ' ash, dung, (Bq.g  ash,
Sample {g) {9) {a) fodder) dung, fodder)
Fodder(LP1): X & 5.D. 2917 285 14,2 50 = 0,2 0,094 ¢ 0,029
Dung (LP1): X + 5.0, 4031 B20 20.3 22,5 £ 0,33 0,19 = 0,02
CRdung/ fodder - o - 4,65 = 0,001 2,09 £ 0,004
Fodder(LP2): X & S.D. 1744 334 15 106,5 = 1,50 0,055 = 0,029
Dung {LP2): X £ §.D. 2247 Ba? 25.4 6,4 0,2 Q9,04 £ 0,003
CRdung/ fodder -—. -—- -—= 3,07 + 0,00002 0,898 =~ 0,005
Fodder{LP3): X + 5.0, 2032 283 24,8 8,158 = 0,25 0,061 = D,MB
Dung (LP3): X & 5.0, 2183 2051 34,8 2,3 £ 0,1 0,032 « 0,011
CRdung/ fodder - ——— - 0,375 = 0,00034 0,697 % 0,005
T Concentrations balow the detectian 1ymit are indicated in brackets.

Standard deviations were galculated on counting statistics and not on replicata analysis.

--=: 2 Not Determined N.D.: = 3elow detection limit but no estimated value could be given,

Uranium and gggRa in soil expressed as ug.g_i and Bq.g'i respectivaly for a dried sampie,

Uramium and 226Ra in water expressed is ug.d and1aq.ﬂ resqective1y.

Uranium and Ra in vegetables exoressed as pg.q  and Bq.g~ respectively for an ashed
sampla. ’

CRs: Concentration Ratio of plant {fresn mass) {per gram) concentration over soil
concentration (per gram)

CRw: Concentration Ratlo of plamt (fresh mass) (per gram) concentration over water
concentration (per 1md)

Far 233U: iBq = 80,9 pg

were considerably lower in the milk than the concentrations recorded in the fodder and
the dung. Concentrations of both uranium and 226Ra in milk were extremely low
varying between 0,21 to 0,22 ng.g'l {U} and 0,0051 to 0,003 E':q.g"1 (226Ra) {Table 4.12),
The milk/fodder CR-ratios were low in both cases, in particular uranium, where the CR-
values fluctuated between 0,029 and 0,044. In the case of 2 Ra, the CR values were
higher, fluctuating between 0,185 and 0,37 (Table 4.12}.

Uranium and radium concentrations obtained from dung samples from the three adjacent
Luipaardsvlei farms as well as the dung/fodder ratios for these radionuclides are listed
in Table 4.13. Variation was found to exist for uranium between the concentracions of
the cow dung samples from the three adjacent farms. This alsoc applied to the 2254
concentrations, Uranium concentration in the cow dung samples fluctuated between 2,3
and 22,5 ug.g"l whereas the concentrations for 226R4 varied between $,032 and 0,19
Bq.g"l (Table 4.13).

Comparing the CR dung/fodder values for uranium and 2%Ra, considerable variation
was obtained for the different farms. There was no relation in values for these two
radionuclides, suggesting a number of factors which may have affected the bio-
avialabilty of both these radionuclides (Table 4.13).
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4.5 Experimental uptake of 226R, by cabbage and beetroot

The experimental setup and application procedures for 225R3 during the pot plant
experiment are described in Chapter 3. Background data on the Ra concentrations
of the seedlings are listed in° Table 4.14 whilst those on the “““Ra application on
beecroot and cabbage are listed in Tables 4.15 - 4.18. Natural 225Ra concentracions in
the beetroot and cabbage from unpolluted soils differed slightly being the highest in the
beetroot again reflecting the better ability of the roots of these vegetables to
accumulate this radionuclide from the soils.

Table 4.14 Background values for vegetables used in experimental uptake of

Ra
Sample Fresh mass Ory mass Ash mass $zsRa
(g} () {g) {Ba.g_ ash){sed)
Beetroot background B73 79,6 27,8 30,0091 « 47,0004
|L_Cabbage background 610 56, 2 6.8 0,007 + 0,001

In the case of beetroot (Table 4.15 - 4.16) there were some slight differences in the
concentrations of |3Ra depending on the site of application of the radionuclide. In the
case where the roots were irrigated, the concentrations of Ra in the root tissue
{0,063 Bq.g"l) was slightly higher than in the leaves (0,056 Bq.g'i). Transfer of this
radionuclide from the irrigated [eaves to the roots were very effective, leading again
to the higher concentration of Rain the roats (0,111 Bq.g_l). Where both roots and
leaves were irrigated with the radionuclide containing water, the roots again were
better able to bioconcentrate 225Ra. In the controf plants, the levels of the natural
Ra were also higher in the roots than in the leaves (Tables 4.15 - 4.18),

Where the roots were irrigated, the CRs-values showed no significant difference™
between the roots and the leaves. In the cases where the leaves and roocs and leaves
were irrigated, the CRs {roots analyzed) were distinctly higher than the CRs (leaves
irrigated) ratios. There was also a marked difference between the CRs (roots analyzed)
and CRs {leaves analyzed) for the controls, which cannot be explained (Tables 4.15 -
4.16), except to say that the soil concentration was below the detection limit.

In the case of the CRw-values for beetroot a similar picture emerged, showing a slightly
higher CRw (leaves analyzed) ratio {0,032) than the CRw (roots analyzed) (0,029). In the
case of the irrigated leaves and roots and leaves, the ratio again was in favour of the
roots.

A comparison of the ability of the roots and leaves of the cabbage plants to accumulate

Ra clearly showed the roots more capable of bioconcentrating this radionuclide. In
all three types of irrigation systems the concentration ratio from soil to the roots were
clearly the highest, varying between 0,044 (leaves irrigated) and 0,052 (roots irrigaced)
to 0,117 for roots and leaves irrigated (Tables 4.17 - 4.18). Control values also showed
some difference, with the concentration of Ra being low in both cases.
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Table 4.15 Experimental uptake of 226Ra by the roots of beetroat
zzsra
Fresh mass Dry mass Ash mass (Bq.q™ " ash,
Sample (9) )] {9} seil)
(Bq.&"', water)
Soil: X + 5.D. - - -— 0,04 = 0,015
Water: X + S.0. _— — —— 22,5
Beetroot {Roots irr.) : X & S.0. 233 39,3 2,65 0,063 = 0,006
CRs -— - - 0,016 = 0,D0B
CRw ~—— — -— 0,029 = 0,003
Soil: ¥ £ S.D. — -—- --- 0,084 = 0,013
Water: ¥ + S.0. -— w—— _— 22,5
Beetroot (Leaves irr.) : X £ S.D. 215 34 2.9 0,111 £ 0,007
CRs --- -— - 0,038 + 0,004
CRw - ——= - 0,066 + 0,008
Soil: X + S.D. ——— —a- -—- 0,082 = 0,018
Water: X £ 5.D. _ --- - o 22,5
Beetroot (Rt + Lvs irr.) ¢ X £ S.D. 144 22,9 2.6 2,15 + 0,009
CRs — — -— Q0,033 = 0,009
CRw -—- —-- -— 2,12 £ 0,007
Sail: X & S.D. “-- - -—-- {0,022)
Water: X = 5.D. - ———— ——— -— ——
Beetroot (Contral) : ¥ £ S.D. 375 51,9 4,9 0,02 = 0,003
CRs - -— —— {0,012)
CRw o -— —-- - ——-
ke Concentrations below the detection limtt are indicated in brackets.

Uranium and ggg

Uranium and 226

Uranium and
sampia.

For 338u: 189 = 80,9 ug

Ra in soil expressed as uq.q-l and Bg.g~
Ra in water expressed as ug.@ d
Ra in vegetables axpressed as pg.g

and, Bq. @

:
-1

ively.

Standard deviations were galgulated on counting statistics and not on replicate analysis,
-==3 = Not Determiped N.D.: = Below detection limit but no estimatedg value could be given.

respectively for a dried sampie,
res

and Bg.g = respectively for an ashed

CRs: Concentration Ratic of plant (fresh mass) (per gram) concentration cver soil
concentration {per gram)

CRw: Concentration Ratto of plant {‘rash mass) (per gram) concentration over water
concentration {per 1mé)
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Table 4.16  Experimental uptake of 226p, by the leaves of beetroot
226 a
Fresh mass Dry mass Ash mass {Bq.g~ " ash,
Sample {9} {9) (a) s¢il)
{Bq.¢ ', water)
Soil: ¥ & 5.0. ~—— —-—- -— 0,04 = 0,013
Water: ¥ £ 5.0, - --- ~-- -— 22,5
Beetroot (Roots irr.) : X £ S.D. 7 77,1 9.9 0,056 £ 0,004
CRs ——— — - 0,018 « 0,008
CRw ——— _— —— 0,032 = 0,002
Soit: % £ 5.D. . ——- ——— 0,084 = D,D15
Water: X £ S.D. - - - 22.5
Boetroot {Leaves irr.) : X = 5.0, 991 92,1 11,4 g,057 = 0,003
CRs —— - -—- %,0078 = 0,002
CRw ——- —— — @,029 = 0,002
-S0il: X & S.D. w—— ——— - 0,082 = 0,018
Water: ¥ * 5.0, _ - —— —— 22,5
Beetroot (Rt + Lvs v} ¢+ X 2 S.0. 063 95,4 12,2 g,09 « 0,004
CRs - -— ——— 7,813 = £,003
CRw .- ——— - 0,046 + 8,002
Soil: X + S.0. - - — (0,022}
Water: X + §.D. - -— - -
Beetroot {Control) : X = 5.0, 1033 8, 4 8,% 0,012 = 0,001
CRs - ——— —-— (0,0047)
CRH — -_"_- - -— -
I_ '. - : rre—
* Congentrations below the detectron Yimit are tndicated in brackets.

Standard deviations were calcuiated on counting statistics and not on repliicate analysis,

~==t = Not Determired N.D.: = Below detection 1imit but mo estimated value could be given.

226

Uranium and 226

Uranium and

fla in sai} axpressed as uq.g'1
Ra in water expressed as pg.@

and Bq.g-l
ang. 0g. 42

i

raspectively for a dried sample.
respectively,

Uranium and ZZERa in vegetables axpressed as pg.g~ and Bq.9° respectively for an ashed

sample.

CRs: Concentration Ratio of plant (fresh mass) (per gram) concentration over 5oil

cancentration (per gram)

CRw: Cancentration Ratio of plant [fresh mass)} (per gram) concentration over water

concantraticn (per 1mg2)

For 238); 1Bg = 80,9 g
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Table 4.17 Experimental uptake of 226p, by the roots of cabbage
I——
2260,
Fresh mass Ory mass Ash mass {Ba.g ' ash,
Sample {9} (g) (9) sQil)
(Bq.£&™ ', water)
Sail: ¥ ¢ S5.0. - -— - 0,034 : 0,015
Water: ¥ & S.0. . —-— —— — 22,5
Cabbage {Roots drr.) : X & 5.D. 96,8 15,7 1.5 0,113 = 4,014
CRs -— —— -— Q2,052 « Q,03
CRw -— -—- -— 0,078 = 0,01
Soil: X * S.D. -— --- - 0,063 = 0,014
Hater; f + 5.D. - — —— —— 22,5
Cabbage (Leaves irr.) : X £ 5.D. 134 21,5 3,5 0,106 = 0,007
CRs ——— -— — 0,004 x 0,01
CRw — - == 5,123 = 0,08
Sail: X + S.0. - -— - 0,076 « 0,014
Water: % &+ 8.D. _ -—- ——m — 22,5
Cabbaga (Rt + Llwvs irr.) = X & 5.D. 156 2.8 5,1 0,282 = 0,01
CRs - -_— _— 017 = 9,03
CRw --= ——— -— 0,396 ¢ 0,02
Soil: X & 5.D. --- ——- - {0,013)
Water: X £ 5.D. - - —— - -
Cabbage (Control) : X + 5.0. 94 13,3 7.1 (0,02}
CRs - —— -—- (0.1
Chiw - --= B -—
* Cancentrations balow tha datection limit are indicated in brackets.

226

Uranium and

Uranium and 226
sample.

For 238: 1Bq = 80,9 yg

and,Bq.2”
Ra in vegetables expressed as wg.g

re E?’E

and Bg.g

Standard deviations were calculated on counting statistics and not on replicate anaiysis.
==—i = Not Detarmired M.D.: = Below detection limit but ro estimated value could be given,

225Ra in soil expressed as ug.g_l and Eq.g-] respectively for a dried sample.
Uranium and Ra in water expressed as ugQ.# ctively,

respectively for an ashed

CRs: Concentration Ratio of plant (fresh mass) {per gram) concentration over sail
concentration (per gram)

CRw: Concentration Ratio of plant {fresh mass) {per gram) concentration over water
concentration (per Tmé)
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Table 4.18 Experimental uptake of 226Ra by the leaves of cabbage

226p,
Fresh mass Dry mass Azh mass (Bq.g” ash,
Sample (9) (9) (g) sQil)
(Bq.¢™ ', water}
Soil: X £ S.D. — - - 0,032 = 0,015
Water; ¥ + S.D. - —-- - --- 22,5
Cabbaga (Roots +rr.) : X t S.D. 909 90,3 9,0 0,057 = ©,003
CRs -— _— ——— 0,017 = G,008
CRw - — --- 0,025 = 0,001
Sails X £ 5.D. — -— ——— 0,063 = 0,014
Water: X & 5.D. _ —an - - 22,5
Cabbage {Leaves irr.) : X * S.D. 976 96,5 11,3 0,026 + 0,003
CRs - = . 0,0651 = 0,002
CRw - —_— --- 0,014 = 0,002
Sail: X + 5.0, - _— —— 0,076 = 0,014
Water: X + S.D. B ——- —-- - 22,5
Cabbage (Rt + Lvs 1rr.} : X £ §.D. 828 82,1 9,9 0,097 = 0,012
CRs — —— -— 0,01% = 9,00%
CRw . - . 0,052 = 0,008
Soil: X £ 5.0, - - - (0,014)
Water: ¥ £ 5.0, - - - -—-
Cabbage (Control) ; ¥ ¢ S.D. 593 53,7 6,8 0,008 : 0,00
CRs - -— .- {0,0086)
Chw - . — -

w

Concentrations balow the detection ''mit are indicated in brackets,
Standard deviations were calculared on counting statistics and nat on replicate analysis.

-——: = Nat Datarmined N,D.: = Below getection limit but no astimated value could be given.

Uranium and gggaa in soil expressec as ..q.g_]_ and Eq.g'1 respectively for a dried sample.

Uranium and 225!!3 in water exoressed s ug.@  and, 8q.2 res?ectiveh,r.

Uranium and Ra in vegetables excressed as pg.g  and Bg.q  respectively for an ashed
sample,

CRs: Cancentration Ratio of planz (fresn mass) (per gram) concentration ovar soil
concentration (per gram)

CRw: Concentration Ratio of slant {fresn mass) (per gram) concentration over water
concentration (per 1m@)

For 238y: 1Bq = 80,9 ug
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In the case of beetroot and cabbage the CRs and CRw values again confirmed the
superior ability of the roots over the leaves to accumulate “““Ra, being true for all
three irrigation types. The difference in the concentration ratios from the soil to roots
and leaves varied from a fraction to about 3 standard deviations. The differences were
more apparent in the CRw to roots and leaves, due to the smaller standard deviations
on the CRw's. The CRw values obtained were in all cases higher than those for CRs.

Angther interesting observation is that the soil surrounding the roots of the plants in the
leaves-only irrigation scheme afterwards also had ant enhanced Ra concentration.
This concentration was in the case of both beetroot and cabbage higher than the soil

from the roots-only irrigation scheme, but comparable to the roots and leaves irrigation
scheme,

4.6 Dose assessment results

The dose results are interpreted in terms of the International Commission on
Radiological Protection (ICRP, 1991) recommendations on dose limits. The effective
dose limit for members of the public is 1 mSv in a year but in special circumstances a
higher value of effective dose could be allowed in a single year, provided that the
average dose over 3 years daes not exceed 1 mSv per year. The limit applies to the sum
of the doses from external exposure and 30 year committed dose from ingestion and
inhalation.

For a single practice resulting in a radiation dose to the public the annual dose is
Further restricted to 250 uSv. This is to allow for additional doses from other sources
such that the combined dose does not exceed the 1000 uSv per year limit. The exposure
resulting from mining activities should be subject to this lower limit. Table 4.19 gives
the annual effective dose D for 238y and 2%6Ra for the first year of exposure and the
annual committed effective dose, Dzp, over a committed period of 50 years, for
ingestion of drinking water, vegetables, cereals and fish, from the concentrations and
volumes mentioned in Table 3.6.

4.6.1 Drinking water and vegetahle pathway

Field observations show that the two most likely significant ingestion pathways for this
study are drinking water and vegetables. In these cases the first year exposure values
are all very low being individually less than 1% of the 250 gSv limit. The annual
committed effective dose provides higher values, but still well within the limit. The
committed dose due to ingestion of radium is much higher than for uranium because
radium is a bone seeker and has a much longer biological half-life than uranium.

The doses from drinking water pathway are greater than for vegetable consumption.The
dose from the drinking water is, however, exaggerated by deliberately assuming
consumption values of 730 | per year, the value for standard man. In practice, surface
water is not routinely used for drinking and cooking. The dose from the vegetable
pathway assumes that all vegetable intake annually (30kg from leafy and 90kg from root
crops) is from a contaminated source. In practice this is very unlikely. The model dose
results will therefore decrease with lower expected consumption habits,
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The conclusion is that the potential effective dose received from the most likely

pathway of drinking water and consuming vegetables irrigated with contaminated water
is well within limits set internationally.

4.6.2 Cereal pathway

This pathway was included because of an isolated occurrence of oats being
experimentally cultivated directly on a mine dump. The concentrations of uranium and
radium in the oats was the highest of any produce measured in this study and in fact
ranks with the maximums encountered elsewhere in the world. For modelling purposes
an annual consumption of 80 kg was assumed. The resulting effective dose for uranium
is low being about 1% of the 250 uSv limit. The effective dose from radium is,
however, much higher with the committed effective dose being 180 uSv.

At this particular site the area under cuitivation was small, about 24 m? and took place
for only 2 years and has been discontinued now. The occurrence, however, serves as a
warning that any crop production on mine dump land should be controlled.

4.6.3 Fish pathway

In this study a limited number of fish were sampled in the field and the concentration
data are for complete fish samples. However, from a previous confidential report other
data for edible part of fish samples exists and for the sake of completeness a fish
pathway was included in the modelting study. The assumed consurnption of 25 kg fish
annually is based on that of a sports fisherman. Probable species include mixed portions
of the common carp, Cyprinus carpio, the african catfish, Clarias gariepinus and the
smalilmouthed yellowfish, Barbus aeneus. Once more the dese due to uranium can be
neglected while the committed effective dose. from radium is 18 pSv, which is
considerably below the limit. The amount of fish caught and consumed is, however,
small compared to the amount of vegetables produced, and therefore the significance
of this pathway should be neglegible.

4.6.4 Miscellaneous pathways

By definition this project has excluded some pathways of public exposure such as the
inhalation of radon gas and radioactive dust. Other components of aguatic pathways
that are usually modelled are direct exposure due to swirnming, boating and sunbathing
on contaminated sediments. In this study the latter pathways were excluded since in
any case they are usually a very small fraction of the different pathways. Other
possible pathways are direct exposure from the contaminated irrigated lands and
internal exposure from inadvertent soil ingestion. For the latter the model assumes a
default value of 410 mg per day and for a soil radium concentracion of 25 Bq.kg™ " the
committed effective dose is 10 pSv. For direct exposure from such soil for 2000 hours
. per year the annual effective dose is 2,3E-2 uSv (Table 4.19).

4.6.5 Summary
In summary, the summation of doses for an assumed maximum exposed individual due
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to ingestion of water, vegetables and soil plus direct exposure from soil will give an
overall committed effective dose significantly less than 250 xSv and even more reduced
for a more average individual. With the addition of the very uniikely pathway of either
cereal (oats} grown on mine dump land or fish consumption from contaminated water
the limit of 250 uSv/a may, however, be approached.

The collective dose for the population in general has not been estimated but for the
aquatic pathway it is considered to be low. Further downstream from mines the
radionuclide concentrations decrease even more and the public at large is even less
likely to consurne any open surface water. The relatively small mass of potentially
contaminated food products will be greatly diluted in the large open market place and
any possible dose will be greatly fractionated.

Note: The GENII code uses the organ weighing factors of the ICRP 26 and 30
publications. The more recent ICRP 80 of 1990 recommends changes in these
factors. For radium being a bone seeker the important change is the reduction
in the bone surface weighing factor from 0,03 to 0,01. This has the effect chat
the results reported here over estimate the committed effective dose. For
uranium the kidney and stomach weighing factors changes of 0,06 to 0,025 and
0,06 to 0,12 respectively, are relevant. These compensate for each other and
significant changes in effective dose are not expected.
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Table 4.19

Annual Effective dose (D) and Annual Committed Effective Dose {D30) from various ingestion pathways - Units: ySv.

Vepgetables
Drinking Soil Soil
Nuclide water Lealy Root Quls Fish ingested external
—‘—‘—ﬁ_—— '——T — -—r——_—'—_—'———_
H 238y, 1,7 23 |0042]0057] 002 | 007 | 2,3 3,1 - 0,02 - - | sea| -
" 226g, 08 | 78 | 022 | 1,95 | 0,65 { 6,0 20 iso | 1,8 | 180 | 1,3 w | 232 -
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5 DISCUSSION AND RECOMMENDATIONS
5.1 Radium and uranium in effluents and surface waters

Discharge of uranium milling effluents or process waters during mining operations is the
main cause of radionuclide contamination of surface waters in South Africa and
elsewhere. Approximately 30% of Witwatersrand mines retain their total liguid wastes
within the mine property whilst variable portions of the remaining 70% of the liquid
effluents are eventually discharged into streams and thus reach the aquatic environment
(de Jesus et al., 1987). In the West Rand, large underground aquifers are contained in
dolomitic formations. Vast amounts of such underground water are pumped by mines
out of underground works, mainly for dewatering purposes. Numerous boreholes also
extract water from these compartments for irrigation and domestic purposes. Of the
latter, about 60% is discharged into public streams and lakes {de Jesus et al., 1987).

From the point of release, the transport of 225Ra in mining wastewater depends on the
hydrodynamic conditions of the wastewater stream, the chemical and physical
composition of the carrier water and the physico-chemical forms of Ra. The Ra2+
ion is commmonly the prevailing dissolved form of radium, except in the case of mining
wastewater which mainly contains significant concentrations of free sulphates,
carbonates and some organic chelating agents (Benes, 1990). Therefore, in uranium mill
wastewater with high concentrations of sulphates, the radium sulphate neutral ion pair
will predominate amongst the dissoived forms of radium (Benes, 1982). Radium can also
be co-precipitated with several other solids present in mining wastewater. These
include barium sulphate, calcium sulphate and carbonate, ferric hydroxide, etc.
However, the process of co-precipitation always depends on the chemical composition
and/or pH of the water as well as the concentration of the precipitate (Benes, 1990).

Uranivm milling wastewater containing 226Ra is usually discharged from the propercy
through a wastewater channel. Experience has shown that the wastewater channel not
only acts as a stream conducting wastewater Lo a natural recipient, but also as a site
where significant changes in the concentracion and chemical form of “““Ra take place.

Little data exists on the nature and behaviour of dissolved and particulate forms of
radium in rivers and lakes. The common assumption amongst researchers is that
dissolved radium exists in water as hyvdrated cations, Ra**. However, this view seems
to be incorrect as the presence of sulphates in most surface waters may lead to the
formation of radium sulphate ion pairs (Benes et al., 1982). By utilizing selective
dissolution {Benes ec al., 1981), Benes et al. (1983) was able to analyze the particulate
forms of radium in river water, Four different forms of particulate radium were clearly
identified by this author, namely "loosely bound" {LB), "acid soluble" {AS), radium co-
precipitated with barium sulphate, Ba(Ra)SOy, and radium in "crystalline detritus" (CD).
Results showed that particulate radium in river water contaminated with mining
effluent predominantly consisted of barium-radium sulphate. It is, however, important
to realise that in mining effluent with a high sulphate concemtration, a significant
portion of the dissolved radium occurs as the neutral ion pair Ra2*504 “{de Jesus et
al., 1987). The formation of a solid phase consisting only of radium sulphate is usually
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impaossible at radium concentrations typical for uranium waste waters. Under these
conditions, the solubility product of radium sulphate cannot be exceeded (Kgg = 107
12%), as radium is usually co-precipitated as Ba(Ra)SOy.

Several authors have noticed a marked decrease in radium concencrations along the
length of a wastewater channel or flow. In a few cases, de Jesus ec¢ af. (1987) noticed
that where radium concentrations of 4,2 ]E’n:l.n‘éil"I were measured in a wastewater channel
near a mine, levels declined to about 0,04 Bq.2™" within a few kilometres from the point
of release. The United States Environmental Protection Agency {USEPA) conducted a
similar study of radium migration in mine drainage water in the arid New Mexico where
the only water flow in an otherwise dry channel originated from uranium mine mill
discharges. Dissolved 226R4 concentration decreased from 1,1 Bq.£™ " at the point of
release to 0,03 Bg.2 ", 9,2 kilometres downstream. This decrease in concentration is
therefore due to the rapid removal of Ra by strong adsorption or precipitation onto
the stream sediments (USEPA, 1875 ; USEPA, 1983).

In surface streams, two basic forms of 226, migration can he found, namely migration
of 226Ra in selution and migration of 226Ra in suspended solids. These two migratory
forms are closely interrelated and are connected with the bottom sediments of streams
via sedimenctation of suspended solids and resuspension of bottom sediments (Benes,
1990}, The adsorption of dissolved radium on stream suspended solids and the dissolution
or desorption of radium from stream sediments determine the ratio in which the
migration forms of 25Ra may occur in streams.

Since the average uranium cencentration in South African ores (0,01 %) is at least an
order of magnitude lower than that mined in the rest in the world {Funke, 1990}, a
similar tendency can be expected for 22SRa concentrations in locally affected waters,
Consequently, roughly the same estimates might be expected when comparing South
African data on radionuclide concentrations of biota subjected to these isotopes in
nature compared o those found in some overseas countries. It can also be expected
that levels of uranium and 226Ra in aquatic plants, macro-invertebrates, fish, aquatic
birds and agricultural crops irrigated with such water could also be correspondingly
fower.

5.2 Radium and uwranium in algae and aquatic vegetation

Comparing results obtained for uranium and 22Z6Ra concentrations in aquatic plants
collected in mine polluted rivers on the East Rand of the Transvaal, overall lower
concentrations for both radionuclides were recorded than concentrations measured for
related species in other countries. For example, Spirogyra sp. collected at Luipaardsviei
contained 1,27 Bq.g"l 226R4 and 52,6 ,ug.g‘l uranium whilst a mixture of the green
filamentous algae, Cladophora glomerata, Oedogonium capillare and Rhizoclonium sp.
fromn the uranium mine polluted Nedvedieka and Mze rivers in Moravia and Bohemia
(Czechoslovakia) yielded values of 3,73 Ba.g™! for 22%Ra and 600 ug.g"l, uranium,
respectively (Justyn & Stanek, 1974}. In both these cases, values were more than double
those measured in Spirogyra sp. from the mine polluted rivers in South Africa.
However, Tsivaglou et al. {1960}, monitoring the Animas river in the vicinity of uranium
mills at Colorado, recorded a concentration of 0,148 Bq.g'1 for 228Ra in algae from
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unpolluted sections ofqthe river., However, mine polluted sections of the same river
yvielded algae with a 2"'BRa concentration of 129,5 Bq.g™". Spirogyra sp. from uranium
rninezpolluted waters in Jaduguda, India {Markose et al., 1978), also showed relatively
high SRra concentrations, ranging between 2,51 and 89,3 Bq.g "1, which in all cases (6

sampling localities), were generally higher than those recorded for this genus in South
Africa.

In the case of the aquatic macrophytes, both the concentrations of uranium and 226Rg
in Potamageton pectinatus from Luipaardsvlei, Elsburgspruit and Natalspruit were lower
than those recorded for this species at Langley Bay, Canada, which is affected by
uranium mine mill tailings (Waite et al., 1988). While the concentrations of uranium and
““Ra in this aquatic weed at the Langley Bay site was 5130 ug.g'l and 58,3 Bq.g'l
respectwely, values were in both cases hl%her than those recorded for a nearby control
locality (U: 70 gg.g™} ; 228Ra: 0,37 Bq.g™)). It is however inceresting to note that th
B4 : e
uranium and Ra concentrauans obtained for P. pectinatus from the mine polluted
Elsburgspruit and Natalspruit rivers (Table 4.5a) were even lower than those obtained
for the Langley Bay control values.

Although 226Ra and uraniurn concentrations of Spirogyra sp. collected in mine polluted
rivers in South Africa were found to be relatively low, a number of factors should be
taken in consideration when determining the actual concentrations bic-accumulated
within the cells. Results from algal analysis may on occasions seem to be high, but do
not necessarily reflect the actual amount of metal or element bisaccumulated. In most
cases, an unknown portion of these elements may be bound to the outer surface of the
cell wall of the plant. The cell wall, consisting of a porous matrix of gelatinous
polysaccharide fibres surrounding the cell membrane is the first barrier between an
aquatic plant and the radium entering it from the surrounding water column (Alberts et
al., 1983). The kinertics of accumulation of several cationic, anionic and neutral metal
ions forming complexes with freshwater algal cell walls have been demonstrated by
Story et al. (1983). Their results showed that separate sites on the cell walls were
selective to the three ionic groups. Of the three groups, the metal cations were the
most strongly accurmnulated while radium was the best accumulated amongst the alkaline
and alkaline earth elements (Story ec al., 1984). By chemically removing loosely bound

ERa from the cell walls of a range of algae, Havlik (1971) and Havlik & Robertson
(1971) could demonstrate that algal cell walls play a major role in Ra capture which
could therefore not be considered as bicaccumulation.

Another factor which also may have an important influence on the radionuclide
bioaccurnulation ability of aquatic weeds is the extensive development of epiphytes or
aufwuchs (algae and bacteria) attached to their submerged roots and shoots. The
presence of these epiphytes may strongly influence the "ability" or capacity of these
plants to accumulate elements from the water column (Emerson & Hesslein, 1973). It
is therefore important that during the collection and preparation of submerged algae
and aquatic weeds, a standardized approach be followed to remove the epiphytes and
ensure a more correct measurement of concentration racios of 226R 2 and uranium.

Uranium and 22SRa concentrations from the stems (U: 5 ,r.eg.g‘1 : 226Ra: 1,3 Bq.g'l) and
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roots (U: 85 ug.g” 22ﬁRa: 18,7 Bq.g“l) of Typha sp. collected at Langley Bay, Canada,

were generally higher than concentrations from whole composite {roots + stems) samples
for the same species found in the Elsburgspruit, Germiston lake and the Natalspruit.
The only exceptionally local high uranium value for T. capensis was recorded in the
Blesbokspruit where a concentration of 111 ug.g'l was recorded.

No data exists in the literature on the radionuclides uranium and 226Ra accumulated by
aquatic macrophytes such as Lemna sp., Azolla filiculoides, Marsilea macrocarpa,
Lagarosiphon muscoides and Arundo donax. In the present study, all values found for
these plants seemed to fall within the same order of magnitude for uramum and 226 Ra,
respectwely In the case of the floating aquatic weeds, uranium (47,9 ug.g~ ) and 22 6R::\
(<99 Bq.kg™ ) recorded in Azolla filiculoides (Blesbokspruit) showed slight differences
with those of Lemna major from the Natalspruit {U: 31,7 pg.g” -1, 226Ra <109 Bqg.kg™ l)
{Table 4.5a). The rooted submerged aquatic fern, Marsilea macrocarpa, showed values
ranging between 37,9 (Blesbokspruit) and 58,4 (Elsburgspruit} ,v.tg.g"1 for uranium while

Ra fluctuated between 82 (Elsburgspruit) and 92 {Bleshokspruir) Bq.kg_l. The other
rooted submerged aquatic weed analysed, Lagarosi I;:u‘lt:m muscoides, showed a somewhat
different tendency. While the uranium (26,4 pg.g ') concentration seemed to be within

ran e of the other aquatlc weeds, this plant possessed a marked ability to accumulate
Ra {305 Bq.kg~ )

There is a widespread occurrence of Arundo donax in lakes and wetlands of South
Africa. [t was the only plant collected at all the sampling localities. A lowest uranium
concentration for this plant was measured at Natalspruit (14,2 ng.g'l) while the higest
concentration occurred at the Blesbokspruit (37,7 zg.g™ ). Other than uranium, a
highest Ravalue was recorded at the Germiston lake (195 Bg.kg™ 1y with a lowest of
71 Bq.kg'}‘ at the Elsburgspruit.

The main difference between submerged algae and aquatic macrophytes and rooted
emergent aquatic macrophytes is that the latter partiaily obtain nutrients from the
water column as well as from aquatic sediments. Sediments are generally more anoxic
as they are saturated with water most of the time, Usually the levels in sediments are
below that in the water vhich would allow some oxygenation to occur. Under anoxic
conditions the major sediment chemical processes tend to go into a reduced state
(Ponnamperuma, 1972). Under such conditions, radium remains a divalent cation, but
its availability could indirectly be influenced by other sediment constituents such as
iron, manganese and sulphates which also go into a reduced state {Cooper et al., 1981
; Hesslein & Slavicek, 1984).

Radiumn coprecipitated with calcium or barium, Ba(Ra)SOy, present in South African
stream sediments, may be released under reducing conditions because the sulphides of
calcium and barium are much more soluble than their sulphates (Linke, 1958). Under
these conditions, and especiali ﬁ’ those which are characteristic for local rivers and
wetlands, increased uptake of 226Rq by aquatic weeds is therefore highly possible as has
been demonstrated by data obtained from the Blesbokspruit, Elsburgspruit, Germiston
lake and Natalspruit rivers and their wetlands.
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The degree of mobility, activity and bioavailability of elements in soil can be influenced
by a number of factors, namely soil pH, temperature, redox potential, cation exchange
capacity of the solid phase, competition with other metal ions, ligation by anions and
composition and quantity of the soil solution (Trangmar et al., 1985 ; Wopereis et al.,
1988). In a normal soil system under equilibrium, the solid and the liquid phases of the
soil are in close contact. The solid phase is mostly composed of clays, metal oxides and
organic matter and carries in most cases an excess of negative charge. Water, which
is a polar solvent interacts with the surface sctructure of the solid {(soil) and is therefore
capable of enveloping charged sites on the soil particies (Schmitt & Sticher, 1991) which
has a number of important consequences: the pH of the water affects the charge
pattern of the solid surface, and water acts as a transport medium for ions in exchange
and adsorption processes (Schmitt & Sticher, 1991),

5.3 Radium and uranium in aquatic fauna

No informatian is available on the presence and concentration of uranium and 226Ra in
freshwater crabs elsewhere in the world. In the case of the freshwater crab,
Potamonautes warreni which was the only macro-invertebrate organism analyzed in the
present study, uraniurn concentrations were more than double those obtained for fish
whilst Ra concentrations were slightly lower but of a similar order to those found
for fish and aquatic birds.

Fish are considered to be the principal link in the food chain by which water-borne
contamination can reach man. [n this way, it is also believed to affect the extent of
radiological exposure of a population (Justyn & Havlik, 1990). In uncontaminated water,
the 220Ra cantent of fish seem to be very low (thousandths to hundredths of Bq.g_1 dry
weight) while in surface waters contarninated by uranium milling effluent, the 226Ra
content can be from 3 to & orders of magnitude higher in fish muscle {Paul et af., 1980
; Anderson et al., 1963 ; Martin et al., 1969 ; de Bortoli & Gaglione, 1972 ; Martinec,
1973 ; Davy & Conway, 1974 ; Davy & Q'Brein, 1975 ; Ettenhuber et al., 1975).

Since there are not many similarities between the fish fauna of the different countries,
data obtained for South African fish species were compared with each other. lt seems
that physiological differences between species do not have as great an influence on the
bioaccumulation of radionuclides as regional or geographical differences might have.
In all cases, concentratians of “““Ra for all fish species collected during the present
survey were lower than 0,1 Bq.g'l with values ranging between 0,036 Ba.g ! (C.
gariepinus) and 0,081 Bq.g™" (T. sparrmanii). A comparison of these results with those
obtained for other freshwater fish collected in Lake Athabasca, Canada (Swanson, 1985},
showed that all values for the local fish species analyzed were between one and two
orders of magnitude lower than those for Canada. Concentration values of 2264 n fish
collected in Lake Athabasca ranged between 0,15 Bc;.g'1 {Lake Chub: Covesius
plumbeus) and 4,0 Bq.g_1 (Spottail shiner: Notropius hudsonius). A similar tendency was
observed for uranium uptake by fish in South Africa with values ranging between 0,60
,ug.g"l {C. gariepinus : Natalspruit) and 4,99 ﬂg.g‘l (C. gariepinus : Blesbr"-spruit). The
uranium content of the Lake Athabasca fish were again one order of mag...cude higher,

fluctuating between 25,3 ug‘g'l (Covesius plumbeus) and 78,3 pg.g” (Small white
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sucker: Catostomus commersoni) (Swanson, 1985). Czechoslovak researcers who
investigated the “““Ra-concentrations in fish from reservoirs in the vicinity of uranium
milling operations in Northern Bohemia also obtained values for radium which were at
least one order of magnitude higher chan those for fish from different mine polluted
streams in South Africa, Justyn & Lusk (1976) recorded 226Ra in fish varying between
0,185 Bq.g~ U (Esox tucius) and 1,41 Bq.g" “1 (Perca Flyviatilis). Other Fish analyzed by
these authors yxeldec! more intermediate results wnth 26Ravalues for Anguiila angu:ﬂa
(0,28 - 0,5 Bq.g~ L), Gobio gobio (0,3 - 0,425 Ba.g~ 1y and Leuciscus cephalus (0,225 - 0,5
Bqg.g™*) falling within this range, {ustyn et al. (1979} obtained nearly similar results for
Perca fluviatilis (0,18 - 1,41 Bci .g '} and Salmo trutta (0,016 - 0,045 Bq.g 1) while values

of 1,73 Bq.g'1 and 1,25 Bq.g"~ was obtained for Cyprinus carpio and Perca fluviatilis
respectively, by Justyn et al. (1883).

It is important to evaluate the 226R 2 content in fish in relation to the species of radium
in the water as well as the presence and species of other chemical substances in the
water, namely calcium and barium. The pH, alkalinity and acidity of the water is also
important as it influences the mobility, toxicity and bioavailability of radium to fish.
Two pathways normally exist whereby fish and other aquatic animals can assimilate and
bioconcentrate radium or non-nutritional elements, namely: direct uptake from the
water through the skin or gills during water filtration ; uptake from food (Justyn &
Havlik, 1990). However, uptake and bioconcentration of radium and other elements by
fish are mainly dependent on a number of conditions: it has been found that differences
exist between fish species and the extent of the concentration and uptake of radium
from contaminated water. However, these differences can largely be related to the
food and feeding habits. A low radium content and therefore a low concentration ratio
was found in Coregonus /avaretus maraena Bloch, which is known to live in the water
column and to feed mainly on zooplankton organisms. Other fish such as Gobio gobio
L., Leuciscus cephalus L., Thymallus thymaltus L. and Anguilla anguilla L. also showed
relatively low radium contents. In the benthophagous and phytophagous Tinca tinca L.,
Cyprinus carpio L., Rutilus rutilus L. and Carassius carassius, a relatively high uptake
of radium was observed. In predatory fish, the CR was higher in Salmo trutta m. fario
L. than in Esox lucius L. (Martinec, 1973 ; Justyn & Lusk, 1976 ; Justyn et al., 1979 ;
Justyn et al.,, 1985). These differences can, according to Justyn & Havlik {1990}
primarily be ascribed to lifestyle, food preference (zoophagous, phytophagous,
benthophagous or predatory), rate of mecabolism, growth and sexual maturity. In field
tests with Cyprinus carpio stocks, Justyn et al, (1979) found that radium uptake in
younger fish was almost double that in older fish. With a rise in water temperature a
more rapid increase in 228R4 volume activity was observed. Justyn et al. (1985) also
noted that higher Ra concentrations were observed in fish in the summer months
than in winter. According to these authors, 226Ra concentrations in fish can be related
to the intensity of food intake during the active feeding summer period. Therefore,
interpretation of results obtained for fish in this study should take the above factors
into account.

Although the previously menticned organism groups are exr.enswely covered in the

literature, no data could, however, be found for uranium and 2 Ra concentration in
aquatic birds. However, data collected from the Natalspruit on the coot Fulica cristata
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and the cormorant Phalacrocorax carbo seems to be a first definitive concribution to
the investigation of the concentrations levels of these radionuclides in these species of
birds. From the results for uranium it is interesting to note that the phytophagous F,
criscata contains more uranium (0,56 ug.g™1) than the fish eating P. carbo (<0,17 ,ug.g'l ).
This tendency can most likely be ascribed to the feeding habits of these two bird species
as well as the uranium contenc of the food. However, this tendency is in the case of

Ra not so definite with F. cristata containing <0,034 E‘-q.g'1 and P. carbo <0,074
Ba.g”

5.4 Radium and uranium in vegetables

As no definite standards are available for uranium and 226Ra content for vegetable
crops, resuits obtained from the Marievale, Viakfontein and Luipaardsviei farms were
compared with research findings in the literature which mainly originate from Germany,
Japan, India and USA. Uranium concentratmns in carrots collected at Marievale (0,23
ug.g" ") and at Viakfontein {1,7 ug.g” Iy were in both cases higher than those recorded for
the same crop (0,033 ug.g l) hy Morishima et al. (1977} in Japan (Table 5.1). The same
applied to beetroot {Marievale: 0,2 - 0,36 ug. g‘l Vlakfontein: 1,7 pg. g“l) which in both
Cases y1elded higher concentrations than uranium found in root vegetables {0,026 - 0,033
Lg.g ) by Welford & Baird (1967). However, in the case of cabbage from the Marievale
farm (0,02 - 0,027 ug.g 1) values were clearly less than those recorded by Morishima et
al. (1977), being 0,067 ug.g™! (Table 5.1).

[n the case uf 225Ra the concentration obtained for carrots collected at Vlakfontein
{0,0041 Bq.g"~ 1) was intermediate between t"lOSE recorded by Tracy et al. (1983) (0,0035
Bq.g ~1) and Muth et al. (1960) (0,0055 Bq.g~ L,

Beetroot from the Vlakfontein farm {0,003 Bg.g 1) were of the same order of magnitude
as those recorded by Tracy et al. (1983} (0,0067 Bq.g~ ) Results from the lettuce crop —
from Vlakfontem (0,0017 Bq.g 1) appeared to be much lower in radium than the 0,0095
Bq.g" I found for lettuce by Straub ec al. (1961) in th USA (Table 5.1).

Unfortunately the 225Ra concentrations in the vegetables from the Marievale farm were
below the detection limit of the analytical method used at the time. During later
stages of the study a more elaborate method was used, which yielded the results for the
Luipaardsvlei and Viakfontein localities, as well as the experimental study.

5.5 Concentration Ratios

CRw values for the vegetable crops and fodder from the Marievale, Vlakfontein and
Luipaardsvlei farms and the irrigation water were consistently higher than those of the
corresponding CRs values. This is, however, not an indication that more 226Ra or
uranium is taken up from the water, but just that the concentrations in the water,
expressed as activity/mé for the calculation of the concentration ratio’'s, is lower than
the activity/g of soil. It is unlikely that the concentrations in the plants were in any
of the cases in equilibrium, with the concentrations in the irrigation water which is a
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Table 5.1 Concentrations of uranium and 226Ra in vegetable crops from different
countries of the world including South Africa

Urani ?'ZGR

Reference (U) (Bq.gjﬁ) Refarence (Ra}
{ash) {ash)
Carrots 0,033 Morishima et al. (1977) 5,0035 Tracy et al, (1983)
Japan UsSa
9,0055 Muth et al. (1960)
Garmany
0,23-0,70 This study 0,0041- This study
0,010
Beetroot _— -— a,a067 Tracy er al, (19B83)
US4
0,20-1,70 This study 0,003 This study
a,010
Root vegetables 0,026-0,033 Walford & Baird (1967} a.0026 Morse & Welfard {1971)
USA . UsSa
0,0018 Hallden & Fisenne (1961)
usa

Cabbage 0,067 Morishima et al. (1977) 0,0032

Japan

Muth et al, {196Q)
Garmany

This study 0,010 This study

|
Lettuce — — - D,0095 Straub et al. {1961)
Usa
0,080-0,170 This study 0,001- This study
0,0025
Vegetable mix 0,078-3,22 Wwalford & Baird (1967) 0,0024 klement (1982)
usa USA |
Milk 0,026-0,153 Lal et atl. (1582) 0.00088 Morsa & Welford (1971}
) [ndia MNew York averages
0,21-0,22 This study 0,0081- This study
_ 0,0500

prerequisite to calculate the concentration ratic. The same apparent observation was
made in the experimental part of this study.

The CRw-values were generally higher than the CRs-values. This was true for cabbage
and beetroot for al! the different irrigacion schemes used. Again this might just be that
the soil is the dominating medium for transfer of Ra to the vegetables. Cawse and
Turner (1982) state that higher levels of radionuclide activity in plants can usually be
associated with plants with hairy leaf surfaces, hairy convoluted fruiting inflorescences
as well as plants with broad "open” leaves such as spinach. Romney et al, {1976) is of
the apinion that much of the radionuclide contamination to plants may be ascribed to
direct deposition of resuspended soil particles {possibly from wind blown sand particles
from nearby slimes dams in the vicinity of all of these farms). Carey ec al. {(1977) also
ascribed the major Pu uptake by food crops to foliar deposition of this isotope and that
only 10% may be due to root uptake. This assumption is also confirmed by Adriano et
al. (1980).

~|
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The 2?8Ra concentrations [Q] in the vegetables are probably described by the
relationship:

[Q] = CRs[Cs] + CRw[Cw]

. 2 . . . .
If [Cs] and [Cw] are respectively the 226R4 concentrations in the soil and in the
irrigation water, and {Cw]| is less than [Cs), then this relationship indicates that CRw

has to be bigger than CRs for the irrigation water to contribute to the 2QsRa
concentration in the plant.

In the experimental part r.he 2"GRa concentration in the irrigation water [Cw] was kept

constant at (,0225 Bq. mé~!. If one assumes that CRw stays constant, then the equation
becomes:

{Q] = CRs[Cs] + k : Where: k = CRw[Cw] and is constant.

If one then plots [Q] against [Cs], then the slope is the concentration ratio from soil to
l:he vegetable plant, and the intercept, k, divided by the concentration ratio of the

26Ra in the irrigation water is the concentration ratio from water to the vegetabie
plant If the 22‘:}Ra in the irrigation water is not in equilibrium with the plant, it means
that the ratio is valid only under similar circumstances (eg. irrigation method). This
was clcme2 and the best correlation that could be found was that between soil and
beetroot Ra concentration, and even in this "best" case the correlation coefficient
was only 0,57. The reasons for this low coefficient is probably the lack of sufficient
data points {6 in this case} and that the ““"Raconcentration in the independent variable
(soil 226}'-1121 concentration} did not cover a wide ra 1ge of values. The soil SRa
concentrations varied only between 0,04 and 0,08 Bq.g " which is in the range of normal
soil concentrations of 0,004 to 0,125 Bq.g~ 1 given by [yengar {1990).

If one nevertheless accepts that these calculations do give a rough indication of the
concentration ratiss, the slope is 1 = 0,7 and the intercept is 0,02 ¢ 0,05. The
concentration ratie from soil to beetroot is therefore of the order of 1| and for the
concentration ratio of water to beetroot the order of magnitude is also about 1 (0,02
/ 0,0225), The concentration of Ra in water has therefore to be of the same order
as the concentration in the soil to contribute equally to the transfer of Ra to the
plant. This again ig only valid according to the irrigation method used. If one has, for
example, a soil Ra concentration of 0,03 Bq.g_l, then an irrigation water
concentration of 0,03 Bt:l.mlé‘,”l will concribute equally to the Ra in the plant.
Concentrations of 0,03 Bq.m!a]'l or 30 Bq.ﬂ'l was never found in this study. The highest
concentration used for irrigation by a farmer was of the order of 0,2 Bq.£™ ", which is
a hundred times lower than concentrations normaily found for 22E§Ra in soil for this
study. Even if there is a factor 10 error in the calculation of the CRs and CRw, and
CRs is realzv 10 times lower and CRw is really 10 times higher than calculated, the
uptake of Ra from the irrigation water will still only be of the same order as the
transfer from soil,

QOne of the most important factors which may have had an influence on the CR values
in the present study, is whether the plant and soil are in equilibrium. If in equilibrium,
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the CR will remain predictable (Whicker & Schultz, 1982). Another important factor
is the choice of location and the soil sampling method. This especially applies to areas
where soil contamination is non-uniformly distributed. In the case of spray and flood
irrigated agricultural lands, the distribution of contaminated water should be relatively
homogenous which most likely ensures a relatively uniform distribution of elements.
During the collection of soil samples, particular attention was given to the randomness
of the sampling programme. All subsamples were pooled, thoroughly mixed and
hemogenized to ensure an even better distribution of elements.

Even though the concentration ratio of 226Ra from irrigation water to vegetables might
hg bigger than the same ratio from soil to vegetables, the biggest contribution to the

““Raconcentration in vegetables will probably be from the soil. This is due to the fact
that the 226, cancentration in the soil is usually a few orders higher than in the water
used by farmers in the vicinity of the mines. For the same reason the buildup of 22BRa\
in soils irrigated with mine water will be insignificant.

The concept of CR has a serious weakness, namely the lack of an easily interpreted
physical meaning which makes the direction and degree of change if circumstances vary,
difficult to predict. These circumstances may include soil type, physical and chemical
characteristics of soil {pH, organic content etc.), physical and chemical characteristics
of applied irrigation water, plant species and climate (Van Dorp et al, 1979).
Therefore, if the CR value is specified with respect to one or more of the variables
which may have an influence on it, 2 huge amount of data will need to be stored which
will make a database for radiological assessment very extensive.

It is suggested that although the concept of CR is a useful tool in predicting food chain
transport, it needs further evaluation, modification and refinement, [t is recommended
that a CR is calculated for each main crop type or if sufficient data exists, together
with each associated main soil type (Ng et al., 1990). An alternative approach for
predicting concentrations of radionuclides in plants via uptake was suggested by Van
Dorp et al. (1979), This proposed approach utilizes a selectivity coefficient, a
transpiration coefficient as well as che annual production of dry mactter. [t seems,
however, that the actual equation for the calculation of a CR which takes all
environmental factors in consideration, will be open for discussion long into the
foreseeable future. However, Sirmnon & Ibrahim (1990) stresses that at a minimum, the
CR should be treated as a function of substrate concentration rather than a constant
value.

5.6 Dose assessment

The dose assessment resuits for reasonably realistic yet conservative assumptions for
water and vegetable consumption show that doses to a maximum exposed group will be
of the order of 1% of the annual limit of 250 xSv. Radium as expected has a higher
contribution than uranium. If the drinking water radium concentration were a factor
5 higher, i.e. equal to current EPA{USA) limit of = 0,2 'E»q.ﬁii'1 then the annual
committed effective dose would be 39 uSv, still well below the dose limit. Only
infrequently and then very close te mine properties have such concentrations been
observed locally, Similarly a factor 5 or 20 increase in vegetable concentrations will
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still leave a good margin below the limit. Obviously production of crops on mine dumps

should be prohibited or strictly controlled as evidenced by the individual results from
the oats production.

There is no obvious data to confirm the model's default value of 410 mg per day for soil
ingestion. The associated committed effective dose vaiue for radium of 10 ySv is the
same order as the dose from drinking water and vegetable consumption. The control
value for radium contamination of soil set by the Council for Nuclear Safety {CNS) is
200 Bq.kg™" or a factor eight greater than the concentration used in the model, Such
a limit would resuit in an ingestion dose of 40 ySv.

The data collected in this study in the Witwatersrand area shows that no member of the
public is expected to be exposed via aquatic pathways to any significant dose. If mine
effluents are controlled to less than 0,2 Bq.£ ', radium and less than 0,5 E’:q.ﬁ?.“l uranium
the doses received from various aquatic pathways should be well within dose limits set.
The concentration values quoted here are not intended to imply these should be
concentration limits. Control limits are set by CNS based on site specific assessments.

5.7 Comments and recommendations
A few comments relating to this study are highlighted below:

> Due to analytical uncertainty, low level measurements suffer from large errors
and as demonstrated by some samples obtained from the Marievale farm can be
due to the analytical technique used below the detection limit. More sensitive
techniques are also more costly.

> [t is often found with older literature that difficulties arise when different units
of measurement and different terminologies are encountered. Considerable time
is usually spent in converting such data to a more recent and acceptable format.
Mass units {(g,kg), mass basis (fresh, dry and ash) and the conversion factors are
all very important components in report format. In this report, it was decided
to use basic Sl units of measurement. Therefore, in the case of Ra content
in solid mactter (ash), concentrations were expressed in Eiq.g'1 while
concentrations in liquid samples (water) were expressed in Bq.¢™°. This approach
in measurment could therefore explain the differences often encountered in the
CRs and CRw values. The difference in CRs and CRw values would therefore
have been smaller if concentrations were expressed in Bq.kg'l, or when Bq.g~
and Bq.m‘(il_l was used. For the sake of uniformity, a few sacrifices had to be
made and the use of basic Sl units of measurement proved to be the best.

> Data are always expressed as Bq.g—l ash mass, but wet, dry and the ash mass of
each sample were also supplied. In the literature, conversion factors are often
supplied, but in this report these figures were provided to facilitate calculations
and make it more accurate,

> To further improve reporting, environmental conditions such as water quality
(physical and chemical) as well as soil characteristics were included. Often,
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these data proved to be helpful in explaining certain phenomena. Also included
were the sources of radium contamination which gave more information on its

passible species, the analytical procedure used and the estimaced lower detection
limit.

The term CR {Concentration Ratin) was also accepted as a univeresal term as
suggested by Simon & Ibrahim (1990). The term CR gives clarification on its
meaning, i.e. implies a ratio, while terms such as bioconcentration factor (BF)
etc. could sometimes be cumbersome and misleading and does not specifically
refer to a ratio,

Certain areas which justify additional research are recommended as follows:

»

The differences in 2%Ra and uranium uptake between different plants species.
The kinetics of the movement of 225Ra across root membranes and within plants.

The degree of foliar absorption of 226Ra by plants. The influence of wax and
hair layers on leaf surfaces on Ra absorption.

The influence of calcium and other alkaline earth elements on radium uptake by
plants, fish, etc.

Determination of the species of radium in soil, water and plants.

The effect of orﬁmic matter, soil pH etc. on the mobility, activity and
bioavailability of 22PRa.

Preparation and cleaning methods of algae and aguatic macrophytes prior te
analysis, .

Additional consideration of the concept that the CR may be treated as a function
of substrate concentration racher than a constant should be followed.

Steps are taken to bring the results obtained in the present investigation to the
attention of the relevant mining, municipal and governmental authoricies. A
tatal of Ffour publications covering the various aspects of the present
investigation are in the process of preparation.
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