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ABSTRACT

Biota live in a chemical milieu and take up elements according to laws of chemistry and physics.
Radioactivity is not important to accumulation processes. However, for radionuclides it is
almost always the radiological consequences that are important. As such, most discussions and
modelling of the processes of distribution, exposure and consequences tend to deal with
radionuclides and do not dwell on chemistry. In fact, the chemical aspects of dose estimation are
dealt with quite adequately, but usually in an implicit rather than explicit manner. This report
discusses the chemistry and chemical speciation of iodine (I) and illustrates how these topics
have been implicitly included in biosphere models such as BIOTRAC, the model employed in
the assessment of Canada's nuclear fuel waste disposal concept. Iodine is emphasized because
129I is the dominant contributor to the hypothetical doses estimated. Not all aspects of the
behaviour of I are implicit in BIOTRAC, but the exceptions are of minor importance. In general,
the very broad ranges in parameter values specified for BIOTRAC encompass substantial latitude
for the possible effects of chemical behaviour and speciation. Nonetheless, detailed
understanding of the behavior of I in the environment is essential to the credibility of models
such as BIOTRAC. There is substantial room for improved knowledge of the speciation of I,
especially in freshwater and soil environments.
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IMPORTANCE DE LA SPECIATION CHIMIQUE DE L'lODE PAR RAPPORT

AUX ESTIMATIONS DE DOSES DUES A L'129I

par

S.C. Sheppard

RESUME

Le biote vit dans un milieu chimique et absorbe les elements selon les lois de la chimie et de la physique.
La presence de matieres radioactives ne revet pas d'importance dans les processus d'accumulation.
Cependant, quand il s'agit des radionucleides, ce sont les consequences radiologiques qui sont generalement
importantes. Comme tels, la plupart des examens et des modelisations des processus de distribution,
d'exposition et de consequences ont tendance a ne traiter que des radionucleides et n'insistent guere sur les
processus chimiques. En fait, les aspects chimiques de l'estimation de dose sont traites fort pertinemment,
mais habituellement plutot implicitement qu'explicitement. Dans le present rapport, l'auteur examine la
chimie et la speciation chimique de l'iode (I) et illustre comment ces sujets ont ete inclus de maniere
implicite dans les modeles de biosphere comme BIOTRAC, le modele employe pour 1'evaluation du
concept canadien de stockage permanent des dechets de combustible nucleaire. On porte une attention
particuliere a l'iode parce que 1'129I constitue 1'element qui contribue le plus aux doses hypothetiques
estimees. Tous les aspects du comportement de l'iode ne sont pas implicites dans BIOTRAC, mais les
exceptions sont d'une importance minime. En general, les plages tres etendues des valeurs parametriques
definies pour BIOTRAC laissent une grande marge aux effets eventuels du comportement chimique et de la
speciation. Neanmoins, une connaissance approfondie du comportement de l'l dans l'environnement est
essentielle a la credibility de modeles tels que BIOTRAC. D reste beaucoup a apprendre sur la speciation de
l'I dans l'environnement, en particulier dans l'eau douce et le sol.
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1. INTRODUCTION

The biosphere model BIOTRAC has been used to estimate the radiological doses to humans and
other biota for hypothetical releases of radionuclides from a nuclear fuel waste disposal vault
(Davis et al. 1993, AECL 1994). The same general approach is used by all nations involved with
nuclear waste disposal. The rate of migration of the radionuclides from the disposal vault to the
surface is estimated using computer models. These take into account the chemical (and nuclear)
reactions that take place in route, including sorption onto various media. Once in the biosphere,
the fate of the radionuclides is estimated, largely with steady state models, and then a dose
estimate is made for humans and other biota occupying the hypothetically contaminated area.
Throughout, there are implied assumptions about the chemical behaviour of the radionuclides, all
based on the best information available.

The chemical behaviour of the radionuclides includes features of speciation. In this context,
speciation refers to any and all chemical forms of the radionuclide elements. These may include
various redox states; soluble complexes and covalently bound entities in solution; and insoluble,
sorbed and precipitated entities on solid materials. Clearly, the data used for the models had to
be obtained for the appropriate chemical species. This is ideally done by making measurements
in a surrogate environment that is as close as possible to the setting being modelled. For
example, sorption onto geological media was measured using appropriate solids, natural
groundwaters and a carefully controlled redox environment. Typically, the dominant chemical
species of the element being studied is known, and this species is monitored in experiments.

The result of this experimental approach is that the effects of chemical speciation are considered
implicitly in the data. This is instead of using complex chemical speciation models coupled with
the transport models. Such speciation models are important for relatively immobile
radionuclides, such as Pu in sea water (Nicholson 1989), where there is no plausible exposure
until the radionuclide is in some way mobilized into the food chain. Speciation is generally
deemed less important for radionuclides that readily pass through the food chain. However, the
absence of explicit chemical speciation modelling may give the impression that chemical
speciation has not been considered in the assessment models. Indeed, chemical speciation
generally is implicitly rather than explicitly modelled.

The objective of this report is to provide a document that discusses the implications and
treatment of chemical speciation in BIOTRAC for dose estimates. Most emphasis will be on
iodine (I), because it is by far the most important radionuclide in the assessment of disposal of
unreprocessed nuclear fuel waste (AECL 1994). The long residence time of I29I in the
environment was well demonstrated by Fehn et al. (1995) who examined the legacy of the fuel
reprocessing plant in West Valley, NY, where I29I levels are three orders of magnitude above
natural background. To put the discussion into context, various Sections will deal with important
related issues. One Section describes examples of the effects of chemical speciation of other
elements on health impacts. These include heavy metals where speciation enhances
bioavailability. Another Section deals with I nutrition, bioavailability and speciation in foods,
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and biochemical/physiological roles of I in humans and other animals. This will be supported by
a Section dealing with speciation in the environment, including fresh water, sea water, soil and
air. Throughout, the implications for dose estimation will be emphasized.

1.1 CHEMICAL SPECIATION AND ENVIRONMENTAL IMPACTS

This is a prolific area in the scientific literature (Morrison et al. 1989), often written with an
underlying theme that regulators prefer robust and simple information, and so ignore speciation
(Allen 1993); whereas scientists enjoy complexity and detail, and so emphasize cases where
speciation was important. The elements most frequently studied are those that easily form
complexes and organometallic compounds, usually of the Groups Ib, lib, Ilia, IVa, Va, Via, VIb,
and VIII of the Periodic Table (Caroli 1995). The elements deemed highest priority for
speciation research by scientists are Al, As, Cd, Cr, Cu, Fe, Hg, Pb and Zn. The interest in
speciation has been increased recently with the advancement of "hyphenated" analytical
techniques (e.g., Donard and Martin 1992), and the recognition that there must be empirical
evidence to support speciation modelling (Fernando 1995). These techniques are called
hyphenated because they involve using, in series, a number of sophisticated analytical machines
and methods, such as high pressure liquid chromatography, hydride generation, cryogenic
trapping or gas chromatography for separations and furnace atomic absorption spectroscopy,
inductively coupled plasma atomic emission or mass spectroscopy for detection. These can all
be complemented with classical chemical separations, such as with resins and specific
extractants. Without doubt, the effect of speciation can be very profound for some contaminants,
and the effects are time- and space-variant. As stated by Wangersky (1995), "a concentration [...]
innocuous in April may be toxic in November". Speciation is also important over much longer
time scales: Zachmann and Block (1994) discuss the effect of speciation on the pollutants from
700 years of smelter operation.

The importance of speciation is linked to bioavailability. The concern arises when some
chemical species are much more bioavailable, or readily absorbed by biota, than other species of
the same element. Obviously, a key part of the issue involves the absorption mechanisms of the
biota. The book by Hrudey et al. (1996) describes the dermal, gut and lung absorption processes
for humans, with detailed discussion for As, Cd, Cr, Cu, Hg, Pb and several organic compounds.
Although outside the scope of our report, a similar treatment of bioavailability for I would be

most useful.

The nuclear industry provides several examples of the importance of speciation. In engineered
settings, such as reactor halls, incinerators, and hot cells, speciation can be very complex
(Alexander and Doty 1983, Bartonfcek and Habersbergerova 1986, Clarke and Howerton 1980,
Lee et al. 1991, Paquette et al. 1986, Vikis 1989, Voilleque 1979). Iodine behaviour in reactor
accident scenarios is dominated by chemical processes such as sorption onto surfaces and
formation of volatile Csl (Vikis 1989). Speciation of another sort was and is important in the
Chernobyl disaster. There, an important speciation effect is between solid and ionic phases.
Much of the contamination emitted during the fire at Chernobyl was in small particles of U fuel
(Desmet and Sinnaeve 1992). Radionuclides of concern, such as ^Sr and 137Cs, must first be
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leached from the particles before there can be substantial influx to the food chain. Interestingly,
the natural fixation processes in soils may counterbalance the leaching process (Salbu and
Oughton 1995). For 137Cs, the fixation rate exceeds the leaching rate, so that hazard decreases
with time. For Sr, the leaching rate exceeds the fixation rate, so that hazard may increase with
time. Kirchner (1994) suggested that even for I31I from Chernobyl, the lower feed-to-milk
transfer observed after the accident compared to previous experimental work may be because
some of the 13II released from Chernobyl was in chemical species that were less bioavailable than
simple inorganic, ionic I.

Much of the concern about chemical speciation in the nuclear industry is related to the relatively
insoluble actinides. The book by Bulman and Cooper (1985) dealt with these concerns
extensively.

It is instructive to consider the importance of speciation on the impacts of other elements.
Aluminum (Al) is the most abundant metallic element in the lithosphere, a statement that might
lead some to conclude it must not be toxic to biota. In fact, it is toxic and may be one of the
main reasons for poor performance of many organisms in low-pH environments. As reviewed by
Driscoll and Schecher (1988), speciation is the reason Al is not toxic in most settings. It is
relatively insoluble and biologically unavailable, except in acidic (pH < 6.0) and alkaline (pH >
8.0) conditions, or in the presence of complexing ligands such as F , SO42 and certain organic
molecules. At the same time, absorption by plants is proportional to the free Al3+ ion in solution:
the ligands serve to support the activity of the free ion. As will be apparent for several of the
examples, speciation is an important issue when the element of concern is generally insoluble or
otherwise not bioavailable. It is for these elements that speciation results in surprises. Few
examples of speciation that attract attention deal with elements that are already quite
bioavailable, as is the case for I, C and Q.

Arsenic is a problematic element, whose name is almost synonymous with poison in the popular
vernacular. It is present naturally at concentrations proven to be toxic in other settings (Sheppard
1992). This is clearly the result of differences in bioavailability, and probably speciation, from
setting to setting. Toxicity decreases in the sequence As(III), As(V), monomethylarsonic acid,
dimethylarsinic acid, arsenocholine and arsenobetaine (Caroli 1995). A multiple hyphenated
technique (HPLC-UV-HG-ICP-AES) shows promise to allow speciation of As to be fully
assessed (Caroli 1995). Phillips (1990) and Zu et al. (1991) emphasize the importance of
speciation to the behaviour and impacts of As.

Chromium is one of the few contaminants where separate regulations for different chemical
species are commonly specified by regulators. Examples are the specification of health risks by
Health Canada (Hughes et al. 1995) and environmental cleanup guidelines by the Canadian
Council of Ministers of the Environment (CCME 1991). This is because oxidized Cr(VI) is
much more mobile in the environment and much more toxic to biota than is the more common
Cr(IV). The book by Nriagu and Nieboer (1988) is devoted to the behaviour and impacts of Cr.
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Mercury (Hg) is perhaps the element with the most infamous, speciation-related impact. Over
20,000 people suffered Minamata disease in Japan as a result of the formation of methyl Hg
(Davies 1991). The methyl Hg, both as released by the responsible industry and as formed from
inorganic Hg that was also released, is lipophilic, readily absorbed by biota and biomagnified
through the food chain. Formation of methyl Hg is also a problem in recently flooded soils and
in other settings, as thoroughly covered in the book by Porcella et al. (1995). Future concerns
about Hg include the poorly quantified but plausible effects of acid rain, global warming and
increased ultraviolet radiation on Hg speciation (Fitzgerald and Clarkson 1991). Stein et al.
(1996) discuss the speciation of Hg from the viewpoint of risk analysis.

In summary, speciation has a dramatic effect on the impacts of certain elements. In general, these
are elements that normally are not very mobile nor bioavailable, but when present in relatively
rare chemical species can have a marked deleterious impact. Speciation is less likely to have
such profound or unexpected influence on the impacts of elements that are normally quite
mobile. The elements of major concern to the disposal of nuclear fuel waste are mobile, because
otherwise they would not escape the barriers chosen to isolate the waste.

2. OCCURRENCE AND PHYSIOLOGICAL ROLE OF STABLE I

2.1 GENERAL ATTRIBUTES OF ENVIRONMENTAL I

This Section is a synthesis from review articles by Alexander (1984), Delange (1994), Hetzel
(1983) and Lamberg (1993). Iodine was discovered in 1812 in the process of preparing
gunpowder for the Napoleonic wars: it appeared as a "vapour of a superb violet colour" when
leachate from kelp was reacted with sulphuric acid. As summarized by Alexander (1984), I is:

found as iodate or iodide salts, never as elemental I,
covalently bound to tyrosine and thyronine (thyroid hormones),
present in kelp at up to 0.3%,
found in some mineral springs and some silver and lead ores,

- commercially obtained from caliche, a nitrate rock from Chile with 0.2% I, and
used for food additives, dyes, photographic processes and water treatment.

Iodine serves as a catalyst in certain reactions, and such reactions were used for many years as a
means to analyze I. In these cases, the rate of reaction is proportional to the I concentration, and
the I undergoes cyclical redox changes. Peroxidase-catalyzed iodination is a key process in the
formation of thyroid hormones. Iodide is oxidized by H2O2 prior to synthesis of iodotyrosine and
iodothyronine. Iodotyrosine can be formed outside the thyroid, but thyroid hormones are only
formed in the thyroid because of the presence of thyroglobulin.

Tincture of I (elemental I in alcohol) is the common topical antiseptic. Complexes of I,
iodophores, that release free I are also used in this manner.
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Radioiodine labeling of biological molecules is routine in biochemical laboratories. The
radioiodine is oxidized to IC1, which then iodinates tyrosine, histidine and associated residues in
proteins. Radioimmunoassay is the most important technique for measurement of the thyroid
hormones 3,5,3'-triiodothyronine and 3,5,3',5'-tetraiodothyronine, and can detect picogram
quantities.

Dunn (1993) summarized the sources of I in the diets of industrialized nations. The study was
based on market basket surveys, and so may miss some sources of I, especially those associated
with between-meal fast foods. There is argument that to obtain reliable total I intake data,
analysis of urinary excretion is best. Dairy products are the major source of I, followed by grain
and cereal products. The source of I in the dairy products is not likely from ingestion of plants,
but rather salt licks (salt blocks), medications to prevent foot rot, and iodophors used to disinfect
udders and equipment. As with all mammals, I is readily transferred to and concentrated in milk.
The I in bread is also not likely from uptake of soil I, but rather some step in bread processing.
Iodate is used as a stabilizer in baking, and there is an I-containing food colouring (erythorsine)
used in cereal products. There is potential for substantial I ingestion with fish, especially marine
fish. Marine fish in one study contained 800 mg I kg"1 (fresh weight) whereas fresh-water fish
contained 30 mg I kg"1. Iodized salt is a major, but very variable source of I, and is not used
globally. Indeed, recent dietary trends have decreased salt intake and hence I intake. Switzerland
has increased the I concentration in table salt to compensate for the decreased ingestion of salt.
Several vitamins and tonics contain I, and some I is absorbed dermally from topical antiseptics.
There is a minor use of I in water purification. Runia (1994) describes a new use of I to disinfect
water in hydroponic plant production: clearly this could introduce considerable I into the diet.
Table 1 shows the changes in I source with age.

TABLE 1

MAJOR SOURCES OF I IN INDUSTRIALIZED NATIONS BY AGE, AS PERCENT OF

DAILY

Source

INTAKE (FROM DUNN 1993).

MIXED DISHES.

1 - 2 year old 2

OTHER SOURCES NOT

DESSERTS AND

year old 14

EGGS

- 16 year

SHOWN INCLUDE

old 30 - 35 year old

dairy
grains
meat
vegetables

59
17
4
4

30
38

5
5

25
32

8
7

20
30
12
8
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2.2 INDUSTRIAL SOURCES AND USES OF I

World production of I in 1991 was 15 000 tonnes per year (Anderson et al. 1996), some of which
is from natural brines. About 50% is used to produce organic compounds such as iodoform
(CHI3) and methyl iodide (CH3I). Other uses include photographic processes, salt amendment,
bread additive and livestock feed additive. There is always potential for new uses, such as
suggested by Cox et al. (1996) who propose to use I in soil mercury decontamination, and Ohr et
al. (1996) who propose methyl I as a soil fumigant to replace methyl bromide.

2.3 BACKGROUND LEVELS OF 129I

Handl (1996) reported l29yl27\ ratios measured throughout the world since about 1930. The pre-
bomb ratio reflected thorough isotopic mixing and secular equilibrium with the formation
processes. The ratio, expressed as an isotope abundance ratio, was in the order of 10'9 to 1012,
values still found in the Southern Hemisphere. In the Northern hemisphere, modern values are
about 10"8, and near Chernobyl the ratios are as high as 10'6. These values near Chernobyl are
similar to the peak values observed after the bomb tests, but still result in low doses: 0.7 mSv a"1

for adults and 0.2 mSv a1 for children (Handl 1996).

The relative toxicology of elemental I and iodide was investigated by Bull et al. (1991), in
support of the NASA space program. NASA planned to use elemental I as a water disinfectant,
but based on toxicological information for iodide. The study by Bull et al. (1991) was a chronic
exposure study using rats. They found that the two species of I had opposite effects on thyroid
hormones and thyroid function. The iodide decreased the levels of circulating thyroxine and
increased the size of the thyroid, essentially the I-induced goitre described earlier. In contrast,
the elemental I increased concentrations of thyroxine, decreased levels of triiodothyronine and
did not affect the size of the thyroid. The elemental I significantly increased the ratio of
thyroxine/triiodothyronine. The conclusion is that elemental I is less toxic than iodide, but it is
recognized that in many cases, elemental I will react to form iodide, perhaps even before
ingestion.

Lengemann (1969) did a dual-isotope comparison of iodide and iodate ingested by cows and
goats. They used l3lI-iodide and I-iodate, and fed them simultaneously to the animals. The
resulting transfer of radioactivity to milk, faeces and urine were nearly identical for the two I
species. Even when concentration in milk fluctuated unexpectedly, both isotopes fluctuated in
the same manner, degree and timing. Lengemann (1969) concluded that chemical speciation was
not an issue for radiological protection. He suggested, based a review of the literature, that the
reason the two chemical species were so similar is that iodate is rapidly converted to iodide in the
animal. The small differences in kinetics he observed could be related to a delay caused by this
conversion.
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2.4 PHYSIOLOGICAL ROLE OF I

The thyroid gland is very efficient in accumulating I, and in humans the 25-g thyroid contains
over 80% of the whole-body I content. Most of the I in the thyroid is covalently bonded to
thyroglobulin, a huge molecule (AMU 660,000) that serves as a substrate for hormone synthesis.
About 70% of the dry weight of the thyroid is thyroglobulin, and it stores enough I for three
months supply of thyroid hormones. Iodine is readily absorbed from the gut, and is present in
several other organs as well as the thyroid. There is also strong partitioning to the kidney, and
excretion is typically over 40 mg d"'. The thyroid hormones have rapid half-times, in the order of
a few days. Thus, a recommended dietary intake is about 200 mg I d"1. Thyroid hormones are
transported in the blood, almost entirely bound to plasma proteins.

Most absorbed I is taken by way of ingestion of food, where it is taken up as iodide from the gut,
and then from the blood to the thyroid. In the thyroid, I is oxidized to elemental I or some other
"active" form. Iodine leaves the body primarily as iodide in the urine (85-90%), and secondarily
as bound I in the faeces. Iodine is actively transferred from the mother to the fetus, and in
mother's milk.

Goitrogens interfere with the accumulation and activity of I. Natural goitrogens include
thioglucoside compounds found in crucifer vegetables (cabbage, turnips, etc.) and
cyanoglucosides found in sweet potatoes, cassava, maize and lima beans. Tobacco smoke is a
goitrogen. Crush and Caradus (1995) describe how agronomically successful clovers in New
Zealand are especially goitrogenic, because of hydrogen cyanide production.

2.5 IODINE-RELATED DISEASES

Hypothyroidism, or myxedema, is most often the result of insufficient I intake. Many newborn
children are screened for congenital hypothyroidism, which is present in 1 in every 4000 births
and may result in mental retardation, cretinism, altered brain electrical activity and coma.
Endemic goitre resulting from I deficiency is a current problem in some areas of the world: 15%
of the world's population lives in I-deficient areas. Goitre is the enlargement of the thyroid, and
is termed endemic when more than 10% of some population is affected. Goitre can be the result
of intrinsic or environmental factors. The environmental causes are low concentrations or low
bioavailability of I, or the presence natural goitrogens, and these causes are related to geographic
position. Many potential problem areas are now masked by the introduction of I into the diet,
typically as iodized salt. Ancient remedies for goitre, usually based on sea weed, have been
documented for over 3000 years. Hypothyroidism can also result from thyroid malfunction or
the introduction of goitrogen compounds that interfere with hormone synthesis.

Cretinism, along with goitre, are the hallmarks of I deficiency. Cretinism includes mental
retardation, hearing loss, and neurological and motoric abnormalities. Over 3 million people
suffer cretinism. However, perhaps more important, is the continuum of endemic mental
retardation between the non-goitrous population and cretinism. The population thus affected is
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very difficult to define. Regions in India where I deficiency is common are noted for apathy
among humans and domestic animals, and this has been, at least anecdotally, related to I
nutrition.

Mild goitre can be a transient affliction, and causes no pain or other impairment. It is often
induced by stress. The ancient Romans used swelling of the thyroid in the first week of marriage
as an indication of sexual activity, and thus consummation of the marriage (Gillie 1971).

Iodine toxicity can occur, and interestingly one of the underlying consequences is I-induced
inhibition of the formation of thyroid hormones. This I-induced hypothyroidism results when
thyroid defensive exclusion mechanisms have failed. This does not seem to be a problem in
Japanese diets with high sea-weed intakes, where up to 5 mg I d"1 may be consumed (WHO
1996). Distribution of KI tablets after a nuclear accident is problematic because of the potential
for I toxicity. Nagataki (1979) deals with I-induced goitre in some detail.

In the range between where goitre is just recognized (5-20% of the population with somewhat
enlarged goitre) to where it is severe, the thyroid volume increases more than fourfold. Massive
goitres of several hundred grams are documented. In the case of I deficiency, the total amount of
I may not be greater, but in the case of excess goitrogen, the total amount of I may also be
increased. Thus, one may speculate that the possible doses from 129I, which are based on thyroid
mass, may be greater in the presence of goitrogens. Little discussion of this speculation was
found in the literature. Zvonova (1989) indicated a sixfold decrease in dose from 13II as thyroid
mass increased from 7 to 40 g, a range Zvonova found reported in the literature. Zvonova
indicated a linear relationship between thyroid mass and degree of I tracer uptake by the thyroid
in 24 h, and it was apparent that thyroid hormone production was independent of thyroid mass.
Presumably the large thyroids were in response to limited I intake, and this was borne out by
estimates of dietary I intake. Delange (1994) mentions that I deficiency in Europe will result in
higher radiological doses in the event of a nuclear accident, because of elevated thyroidal uptake
of radioiodine.

There is a strong age dependence in thyroid related diseases. Uptake of I by the thyroid, under
deficiency conditions, is at a maximum in the early years of life. In addition, the impacts of low I
supply are also more acute in neonates. There is increased thyroid cancer where there is endemic
goitre. This may imply a greater sensitivity to 129I in I deficient areas as well.

Impaired thyroid hormone activity can be associated with and exacerbated by selenium (Se)
deficiency (Chanoine et al. 1993, Dumont et al. 1994 and others). Many of the enzymes involved
in thyroid function contain Se. Selenium is an essential element for animals, and is in
sufficiently short supply that it is commonly added to livestock feeds in Canada to avoid
marginal deficiency. In a less-aggressively managed setting, where neither I nor Se are
supplemented, there may be a greater uptake of I, and hence a larger potential dose from 129I.

Johnson (1981) reviewed I internal dosimetry calculations in use at that time. In Reference Man,
the thyroid is assumed to take up 60 p.g I d"1 of the 200 (Xg I d"1 ingested. His model includes
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both isotopic dilution because of ingestion of stable I and age dependence, but 129I was not one of
the seven radioactive isotopes of I he reported.

Vadstrup (1993) hypothesizes that humans and other mammals of a similar size are especially
prone to I deficiency disorders. He shows that in smaller mammals, there is a very conservative
recycling of I in the body, through renal reabsorption. Large mammals, larger than humans, are
protected against renal loss of I because they have slow mechanisms of I excretion. This has
important implications for protection of the environment from 129I. Iodine deficiency would
predispose individual mammals to high doses from 129I, but I deficiency is more likely to occur in
humans than in smaller or larger mammals. Thus, protection of humans will tend to protect other
mammals as well

2.6 SPECIATION IN MAMMALIAN ABSORPTION OF I

Sherer et al. (1991) also noted that most assessments of the toxicological impacts of stable I on
humans ignored chemical speciation, or at most only included iodide and iodate. They
investigated effects of chronic exposure of rats to iodide and elemental I. They worked at
concentrations that were low, and saw little toxicological effect. At the highest intake rate of I,
male rats had increased thyroid weights when exposed to iodide, with no effect of elemental I. In
contrast, female rats had decreased thyroid weights when exposed to iodide. After only 10 d,
there was a dose related response in thyroxine levels in rats exposed to I. A much smaller and
much later effect was elicited by iodide. Although it is not simple to relate these results to
radiological dose estimates for 129I, it is obvious that the different chemical species do behave
differently in the body.

Pahuja et al. (1993) provide direct evidence of the role of I speciation on uptake. They
investigated the efficacy of KI and KIO3 as "thyroid blockers" used both as a prophylactic for
workers handling radioiodine and as a countermeasure in the event of containment failure at a
nuclear facility. They administered the KI and KIO3 before, concurrent with and after the
administration of 13II as Nal to rats. All materials were injected intraperitoneal. Both KI and
KIO3 were effective at decreasing or virtually preventing uptake of the radioiodine, and the two
compounds were equally effective. Clearly, both chemical species were readily transferred from
the blood to the thyroid. Dudarev et al. (1991) came to similar conclusions.

Miller and Ammerman (1995) reviewed the literature about the bioavailability of various I food
supplements. Sodium iodide was the standard, and they concluded that potassium iodide,
ethylenediamine dihydriodide, calcium iodate and pentacalcium orthoperiodate were equally
bioavailable. The only species that was less bioavailable was diiodosalicyclic acid. They
commented that 'little was known about the bioavailability of I from plant material and animal
by-products'.
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3. IODINE IN THE ENVIRONMENT

There are several excellent reviews on the behaviour of I in the environment (Fleming 1980,
Whitehead 1984, Fuge 1987), and they are only paraphrased here for background to the project.

3.1 SPECIATION OF I IN OCEAN WATER

There is a lot of information about the speciation of I in sea water, much more than for any other
environmental media. There was a particular proliferation in the 1980's, well summarized by
Wong (1991) and Luther et al. (1995).

Iodate is the thermodynamically stable form of I in oxygenated waters, but iodide is detected,
particularly in the euphotic layer (Tian and Nicolas 1995). This thermodynamic disequilibrium is
the result of biological action, based on the arguments that 1) I can only be an electron acceptor
rather than a donor in biological cells, 2) only iodide and not iodate is detected in biological
materials, and 3) the NADP+/NADPH (nicotinamide dinucleotide phosphate) redox couple in
cells is powerful enough to reduce iodate to iodide (Tian and Nicolas 1995). As such, Wong
(1991) classified I as the most abundant biophilic minor element in the oceans. The impact of
oceanic I is global, even tropospheric chemistry is influenced by I derived from the oceans.

There is often a distinct profile of total I and I species with depth in the oceans (e.g., Stipanicev
and Branica 1996). The surface waters are slightly depleted, the result of biological action and
related volatilization and perhaps retention to settling detrital particles. Sun light may not be as
important as once thought (Brandao et al. 1994). Iodide is often more abundant than iodate at the
surface. Below the euphotic zone, iodide decreases to below detectable and iodate reaches a
constant concentration. At the sediment interface, iodide occurs again, likely the result of
diagenesis of the sediments and release of iodide into the sediment pore waters and subsequently
into the water column. Kennedy and Elderfield (1987) described diagensis of deep-sea, non-
pelagic sediments, and showed that I could be accumulated in the sediment profile in settings
where the oxic/anoxic front is poised at some depth in the sediment. Paniculate I is found at the
ocean surface, indicating some bioaccumulation.

Rates of conversion between I species is complicated. Elemental I has an extremely short half-
time in sea water, with conversion to hypoiodite and iodide. Peptides and compounds containing
carbonyl groups may be key reductants (Truesdale and Luther 1995). As they point out,
remember that "iodine number" was a traditional means to characterize unsaturated compounds.
Hypoiodite can disproportionate to form iodate and iodide. The oxidation of iodide to iodate is
kinetically limited (Truesdale 1995), especially the intermediate step of oxidation of iodide to
elemental I. The reverse, reduction of iodate to iodide, is against the thermodynamic tendency
and is mediated by biological processes.

The biological linkage in marine I geochemistry is clearly important, if not fully understood.
Certainly there is a powerful sink for I, with concentration enrichment factors into biota of
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104-fold. Phytoplankton can take up as much as 3% of the ambient pool of I on a daily basis, and
the entire pool in one month (Moisan et al. 1994). Inside cells, the I is mainly iodide, along with
some organic forms. It may be that iodide in sea water is first enzymatically oxidized to
elemental I. This forms neutral hypoiodous acid which can diffuse across the membrane. Once
inside the membrane, the I may be reduced to iodide or converted to organic species. The nitrate
reductase enzyme system may be capable of the reduction of iodate to iodide, and is certainly a
common system. Sulphide, formed in anoxic ocean waters and at low concentration in oxic
waters, is able to reduce iodate to iodide. Again, the occurrence of sulphide is related to
biological activity, so that its role in I speciation is an indirect effect of biological functions.
Particulate I, in biological tissues, is generally recycled rather than settling in the deep oceans.

Ozone interactions with sea water may be mediated by I. The uptake of atmospheric ozone by
the oceans is an order of magnitude greater than would be expected, and this may be in part
because the ozone oxidizes iodide in the surface waters.

Estuarine waters create conditions where I has unique behaviour. Luther and Cole (1988)
observed that riverine water was dominated by reduced forms of I, as a result of biological
activity and effects of anoxic bottom sediments. The ocean provides iodate to the estuary, and
the iodate is reduced further upstream. Butler and Smith (1985) also noted the role of sediments
in releasing I in estuaries that are stratified by a halocline.

3.2 VOLATILIZATION OF OCEANIC I

Monoiodomethane or methyl iodide (CH3I) is one of the volatile species of I, and is a ubiquitous
halocarbon in the ocean (Manley 1994). It is an important part of the global I cycle, a position it
may share with methylene iodine (CH2I2) and iodochloromethane (CH2CII) (Reifenhauser and
Heumann 1992). The ocean is the dominant global source of CH3I, although there is some
released by terrestrial plants and perhaps soils. Much of the ocean source is biogenic, through
the actions of macroalgae and phytoplankton. Other microbes may also be involved, and there is
evidence of abiotic marine sources (Manley 1994). The precursor to CH3I may be either iodide
or molecular I. Iodate may be a precursor at pH values below neutral, because of the
intermediate production of I2. Molecular I is probably formed as an intermediate in all transitions
from iodide to iodate or vice versa (Truesdale et al. 1995, note opposite statement in Truesdale
1993). In sea water, molecular I rapidly forms other species, predominantly hypoiodous acid
(HOI) (Truesdale 1974). Molecular I may be formed at a number of interfaces: at the water
surface with photochemical oxidation of iodide, at the sediment/water interface where Fe+3 may
oxidize iodide, and on the surface of macrophytes where enzyme action may produce I2. Butler
and Smith (1981) dispute the role of phytoplankton on speciation of I: they found no molecular I
and no conversion between iodate and iodide in sea water with exceptionally high populations of
phytoplankton.

Evans et al. (1993) and Quan et al. (1993), from the same laboratory, investigated volatilization
of I from solutions in the laboratory. The pH was quite important, and of 33 organic materials
investigated many were able to enhance the volatilization of I.
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Campos et al. (1996) measured CH3I fluxes from the southern North Sea as 8 x 105 moles per
year, with a return in rainfall to the same area, as iodide plus iodate, of 6 x 105 moles per year.
The iodide/iodate ratio in the rain water did not change with season, and the observed
concentrations were 3.1 ± 2.7 nmol iodate L"1 and 3.7 ± 6.6 nmol iodide L"1. The imbalance in I
fluxes is indicative of the atmospheric ocean-to-land transfer of I.

Oram and Penkett (1994) monitored atmospheric CH3I along the English sea coasts, and
observed marked variation with time. There was no CH3I in winter, supporting the view that it is
of biogenic origin. The high atmospheric concentrations were episodic, lasting a few hours to
several days. They suspected the sources were large phytoplankton blooms far off-shore.

3.3 SPECIATION OF I IN FRESH WATER

Stephenson and Motycka (1994, 1995) reviewed the speciation of I in fresh water. Iodate is the
thermodynamically stable species for I in many surface waters. However, there is abundant
evidence that other species exist. Jones and Truesdale (1984) comment that the traditional view
held that iodide was the dominant species, and they contradicted this with measurements of both
iodide and iodate. They observed about equal concentrations in most fresh waters, as did
Reifenhauser and Heumann (1990). In anoxic waters, the iodate concentration decreased with
time and was eventually non-detectable. However, the inorganic forms of I may be only a minor
portion of the full speciation of I. Several authors (Behrens 1982, Jones and Truesdale 1984,
Reifenhauser and Heumann 1990, Milton et al. 1992) observed a significant portion of the total I
to be associated with large natural organic molecules such as humic and fulvic acids.
Reifenhauser and Heumann (1990) found organic forms predominant in bog waters and Jones
and Truesdale (1984) found them predominant in a eutrophic lake. Milton et al. (1992) found
that almost all the I in their lake became associated with molecules larger than 500 AMU, and
60% was associated with molecules > 10000 AMU. They also concluded that an enzyme was
ixivolved in the conversion from iodide to inert organic forms.

Bird et al. (1995a) concluded that under aerobic conditions, I is slowly lost to sediments. Under
low oxygen conditions, most of the I remains in the water column.

Stephenson and Motycka (1995) investigated the volatilization of I from fresh water. The loss
rate from water was very low, <1.6 x 10"4 d*1, and was lower for river water than for distilled
water, and lower again in the presence of algae or sediment slurries. No volatilization was
observed under methanogenic conditions, indicative that CH3I is formed from I2 under oxic
conditions. Their work was done in support of the BIOTRAC biosphere model, and in it the
volatilization rate for I from fresh water was set at about 1 x 10"2 d"1. This is substantially faster
than observed, but to be certain that dose estimates were not underpredicted, the I was not
depleted from the water in the BIOTRAC model, so that the I volatilized to the atmosphere
actually was in excess of the overall mass balance. Bird et al. (1995a,b) also observed little
degassing of I from fresh water.
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3.4 SPECIATION OF I IN THE ATMOSPHERE

Of all the environmental compartments, the atmosphere seems to present the most complicated
speciation environment for I, or at least the literature is complicated. Chatfield and Crutzen
(1990) investigate the possible interactions of atmospheric I and sulphur species, and list I, IO,
HI, HOI, IONO2,12O2 and paniculate I as the species present. They present a very complex
photochemistry model to interrelate all these species. Although these may be important to fully
understand the global I cycle, perhaps the I species that impinge the earth's surface as dry or wet
deposition are more important for radiological concerns. Even in this there seems to be
controversy. Truesdale and Jones (1996) reported that half to the I in rainwater in the UK was
iodate, but that a range of iodate/iodide ratios are common. They assert that gaseous I is present
in air at three- to four-times the concentration of particulate I; that gaseous I interacting with
cloud water will rapidly form I nitrate and additionally or ultimately hypoiodous acid; that
hypoiodous acid and elemental I will rapidly come into equilibrium; and that this equilibrium
depends on pH of the cloud water. In addition, the speciation of I in the cloud water will be
affected by the oxidizing reactions of ozone-oxygen and peroxide-water and the reducing
reactions sulphur dioxide-sulphate and oxygen-peroxide. Seki et al. (1995) observed iodide as
the dominant species, with iodate secondary. They observed no organic I. In contrast, Yoshida
and Muramatsu (1995) and Noguchi and Murata (1988) observed that most of the I present,
either from airborne, Chernobyl-derived I31I or from natural sources, was organic. Methyl I is the
most-commonly mentioned organic species. Even for particulate I, there are speciation effects.
Wimschneider and Heumann (1995) observed a range of iodate/iodide ratios for various particle
sources and sizes.

These discrepancies are important in terms of behaviour. For example, the deposition velocity
for elemental I is 200 to 10000 times faster than that of organic iodides (Noguchi and Murata
1988).

The I released from nuclear facilities can also be either inorganic or organic (Voilleque and
Keller 1981, Evans et al. 1988, Noguchi and Murata 1988). From underground sources, I may
enter the atmosphere as a result of volatilization from soil (Sheppard et al. 1994a, Wildung et al.
1985, Whitehead 1981) and plants (Amiro and Johnston 1989, Muramatsu and Yoshida 1995,
Muramatsu et al. 1989). Muramatsu and Yoshida (1995) reported that methyl I was the
dominated species, and although Amiro and Johnston (1989) thought the same, they had no
direct proof.

Plants play an important role in the deposition of I from the atmosphere. Neal et al. (1990),
studying the deposition of all four halide elements, noted that I was more effectively retained in
the foliage than the others. Translocation of I in plants is restricted (Oestling et al. 1989, Singhal
et al. 1994, Tobler et al. 1994), so that deposition onto the part of the plant eaten becomes
important. Uchida et al. (1988, 1991) found that direct deposition onto rice grains, even though
they are a small fraction of the surface area of the whole plant, was more important than root
uptake.
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Fulker et al. (1995) report one of the few partial model validation studies using I29I from the
reprocessing plant at Sellafield. There, they measured particulate, inorganic and organic species
of 129I in the atmosphere at ground level. They found that much of the 129I was organic, likely
methyl iodide. Of course, this result is specific to the reprocessing industry, and cannot be
assumed for atmospheric releases as might occur for groundwater discharge of I29I from buried
waste. The implication of these results from Sellefield was that the deposition velocity used in
predictive models was too high by a factor of about 100. This is an example of where chemical
speciation affected the fate of I29I, in a manner not reflected accurately in the model. In fact, the
model resulted in higher estimated impacts than did occur, an error on the conservative side that
was likely intentional. Other aspects of the transfer of 129I were also studied by Fulker et al.
(1995). These involved the feed-to-milk transfer. Here, the observations fit well with the model
estimates, which is significant because the models were likely based on studies with I3II and
likely with chemical species other than CH3I. Perhaps the CH3I at Sellafield was converted to
inorganic I once deposited on the vegetation and soil. Ohe et al. (1982) discussed the relative
deposition of methyl I and elemental I onto geological materials.

Much of the I in the atmosphere is derived from the oceans, and so speciation may reflect either
the species released at the ocean surface, or species formed during the relatively long transit time
in the atmosphere to the site of deposition. In contrast, I volatilized from soils or fresh water
near a disposal site may more likely reflect the speciation in these sources. There is less time for
reactions in the atmosphere when the source is local.

3.5 SPECIATION OF TERRESTRIAL I

There are limited species or forms of I in soil. There are few iodide minerals, such as marshite,
miersite, jodargyte and coccinite, and if present in soils they are very rare. Iodate minerals such
as bellingerite, salesite, lauterite and dietzeite would only exist in highly oxidized, neutral to
alkaline soils. Iodine will substitute for SiO4

 4 in silicate structures of common minerals such as
biotite, muscovite, horneblende, quartz, olivine, fluorspar and apatite. Iodine may also substitute
for Cl in some minerals such as eudialite and sodalite.

Iodine will sorb onto sesquioxides in soils, especially at pH<6. It will also sorb to clay-organic
complexes, perhaps by anion exchange or more likely by some interaction with organic moieties.
In general, retention of I in soils is associated with horizons high in organic matter. The reaction

of I with organic matter is not fully understood, but may be related to reactions with thiol groups
and polyphenols, major constituents of soil organic matter.

Elemental I may be produced as iodide is oxidized towards iodate. Manganese oxides may
intermediate. Gaseous I, either elemental or methyl iodide, may be the mechanism for the
observed losses of I from soil by volatilization.

Soil I concentrations are up to an order or magnitude higher than the parent rock materials. This
may reflect the role of organic matter and surface oxides in retention of I, and the importance of
atmospheric deposition of oceanic I onto soils. Most soils range in I concentration from 0.1 to
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10 mg kg"1, although organic soils may range from 30 to 90 mg kg"1 (Koch and Kay 1987,
Sheppard et al. 1989). Leaching of I is to be expected, given that most dissolved species will be
anionic. This again emphasizes the importance of atmospheric deposition. Plants will also
intercept atmospheric I, and may facilitate the formation of organic, leaching-resistant I
compounds.

There is some controversy about the role of airborne, oceanic I on soil I concentrations (Cohen
1985). This is because the distribution of I in soil parent materials is very heterogenous, so that
correlations of soil I concentrations with distance from the sea are not always apparent. In
addition, near sea coasts, the use of sea weed as fertilizer and mulch will have increased observed
coastal soil I concentrations independent of atmospheric deposition.

Matovinovic et al. (1974) introduced an interesting idea about the global distribution of I. They
noted that regions of endemic goitre were often in temperate regions near continental centres and
mountains. Although this is suggestive of an oceanic source of I, they note that glaciation was
also recent in these areas and that this removed the soils and left parent materials low in I. This
would be especially true for granitic rock areas such as the Canadian Precambrian Shield that
have little indigenous I. The hypothesis is followed by the suggestion that these new, post-glacial
soils are now accumulating I from oceanic sources. This theory has implications for the long-
term assessment of fuel waste disposal, since glaciation is probable in the next 10 000 years.

The bioavailability of soil I is dependent on several factors. In general, higher pH and liming
decrease the plant uptake of I, particularly iodide and less so for iodate. Soil nitrogen levels may
not affect soil I bioavailability in itself, but by enhancing plant growth often causes a dilution of I
concentrations in the plant.

The I content of plants varies substantially, and as much from species to species or variety to
variety as among soil and climatic zones.

The role of speciation and weathering-derived I as opposed to oceanic I was discussed by
Schmitz and Aumann (1994). They observed lower soil-to-plant transfer of stable I than for I29I
from weapons and fuel reprocessing fallout. This was attributed to solid phase stable I that was
integral to the soil marix and not bioavailable. This is speciation in a sense, and suggests that I
may still be derived from soil weathering.

There is some discrepancy in the data about the relative sorption of iodate and iodide in soils.
Muramatsu et al. (1990), Yoshidaet al. (1992), Nishimaki et al. (1994) and Fukui et al. (1996) all
found the sorption of iodate in soil to equal or exceed by up to tenfold that of iodide. Couture
and Seitz (1983) found greater sorption of iodate than iodide on iron oxide surfaces and kaolinite.
There was some indication in some of these papers that the sorption would become more similar
after longer contact times. All used artificial systems, typically small amounts of soil suspended
in contact solutions. Nishimaki et al. (1994) used a flow-through system. In contrast to these,
Whitehead (1974) used more realistic soil/water ratios and much longer incubation times, and
observed that iodate remained soluble longer than iodide. However, the two species had similar
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sorption when left in contact for long times. Evans and Hammad (1995) also concluded that
iodide adsorbed more extensively than iodate, although in many systems they concluded that
iodate was slowly reduced to iodide. Yoshida et al. (1995) used suspensions, but observed no
difference in sorption of iodate and iodide across 63 different soils, after a 14-d contact period.
There is little doubt that soil conditions will dictate the speciation of I given enough time. Yuita
(1992) concluded that iodate was the dominant soluble species in aerated soils, although most of
the I was insoluble. Under anaerobic conditions, iodide predominated. It is very clear that
anoxic soils, not included in the above studies, will render I more soluble, up to 1000-fold (Yuita
1979, 1994, Muramatsu et al. 1996). Our summary of this information is that differences in
sorption of iodide and iodate are not consistent, and that the only reliable data is based on very
long contact times. Schmitz and Aumann (1995) highlighted the effect of time when they
observed that 129I released by anthropogenic sources was more soluble than native stable I. It is
probably reasonable to assume that both species will sorb to the same extent, recognizing that
difference may occur in some soils and some circumstances.

Organic soils are particularly important for I because sorption of I is often related to soil organic
matter content. Koch and Kay (1987) and Koch et al. (1989) concluded that sorption of iodide in
organic soils was a zero-order process, implying that eventually the I would not be very mobile.
In contrast, Sheppard et al. (1989) released a large quantity of I at depth in a bog, and found little
or no movement over several years. In their analyses, measures of total I and iodide (as measured
by ion-specific electrode) gave identical results, suggesting that iodide was the stable species in
the bog pore waters. At the same time, there is substantial evidence of the reaction of I with
organic matter in soils (Jee and De 1967, Bors et al. 1988, Whitehead 1979).

There is also ambiguity in the literature about plant uptake of the various I species. Whitehead
(1975) added iodide, iodate and elemental I to soils and measured plant uptake. Uptake from
iodate was greater than from the other two species. In contrast, Muramatsu et al. (1983)
observed greater uptake from iodide than iodate, but this was in solution culture. Both Umaly
and Poel (1971) and Borst Pauwels (1962) observed that iodide was more toxic to plants than
iodate, which may also imply greater uptake. These studies were also solution culture. Burte et
al. (1991) found that plant uptake of iodide exceeded that of elemental I. These papers suggest
that in the absence of sorption and other soil-mediated processes, iodide is more readily absorbed
by plants than iodate. However, in the presence of soil, the slow reaction kinetics of iodate in
particular may dominate the process, so that iodate stays in solution longer and is absorbed more
effectively by plants. In a steady state setting, the uptake by the plants will depend on the amount
in solution, and so will depend on the sorption processes described earlier.

Ghuman et al. (1993) observed variation in the 129I to stable I ratio in plants around the Idaho
National Engineering Laboratory site. This is a special case and not directly related to speciation
in the soil. The 129I is largely by atmospheric deposition, whereas the stable I comes from the
soil. Variation among the plants probably reflects their differing ability to absorb I through
foliage as opposed to roots.
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Sheppard et al. (1993) and Sheppard and Evenden (1992) showed that even in the absence of an
industrial atmospheric source of I, the atmosphere plays a role in the plant accumulation of I.
They clearly showed the soil-atmosphere-plant was operative in the laboratory, and presented
evidence that it was also important in the field. For this reason, soil-to-plant transfer factors
obtained in small scale pot or lysimeter systems are suspect: a relatively large area is needed to
represent soil-atmosphere-plant pathways (Amiro et al. 1991). In BIOTRAC, the values for the
soil-to-plant transfer parameter were chosen principally form field settings so that the
atmospheric contribution was included implicitly.

3.6 SPECIATION OF I IN FOODS

There is data on the total amount of I found in foods, but little on speciation. Norman and
Iyengar (1994) determined the I content of a number of international "standard diets", and the
values were remarkably consistent, ranging from 0.365 for an "IAEA Mixed Diet" to 1.18 mg
I kg"1 for an "ASREM 1" diet of mixed powdered cereals supplemented with I. Sea weed can be
a dominant source of I in some diets: Seki and Hatano (1994) report that the average intake for
Japanese men is 5.8 g d"1. Meguro at al. (1967) investigated the speciation of I in sea weed used
as food, and found that 83 to 85% was as iodide. The remainder they attributed as protein-
bound. Pel and Schti ttelkopf (1994) reported that iodide was also the dominant species in wine,
and found concentrations that ranged from 2.4 to 21 mg IL"1.

Kuhajek and Fiedelman (1973) investigated the stability of iodide and iodate salts in bread,
frankfurters and potato chips. They found no difference in flavor or processing losses. Wiechen
and Hoffman (1994) investigated the addition of iodide versus iodate in cheese processing. They
added the two species in different ways, but for both concluded that the I was immobilized in the
cheese by reaction with proteins.

4. SPECIATION OF OTHER ELEMENTS IMPORTANT TO NUCLEAR FUEL WASTE

All the dose estimates done for the nuclear fuel waste management concept have indicated that
I29I is the dominant contributor, often 100-fold or more above the other radionuclides. For this
reason, this report emphasized I. The next most important radionuclides are 14C and 36C1. The
treatment of I4C in the biosphere was described in detail by Sheppard et al. (1994b), and the
assessment modelling of 36C1 was described by Johnson et al. (1994).

Speciation is obviously important for I4C, which is assumed to migrate in the abiotic
environment as an inorganic ion or gas, and is assumed to pass through the food chain as
reduced, organic C. Speciation is implicit in the model for I4C. The model of migration in the
abiotic environment as an inorganic anion maximizes the estimated aqueous-phase migration
rate, because the 14C is assumed to be minimally retarded by sorption and moves with the water
or by diffusion. Gas phase I4C could potentially move faster, but only where gas migration is
possible. Methane-14C could be released to the atmosphere, but most of the C in deep
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groundwaters is inorganic. Methane production occurs near the surface in sediments and flooded
soils. The C released as methane in these settings is C that was deposited historically as organic
C by biosphere processes such as plant growth. Groundwater C is unlikely to be converted to
methane in these settings, unless it is first reduced by autotrophs. Once methane is produced, it is
not readily incorporated into the food chain and must first be oxidized to inorganic C. Thus,
invoking a methane-mediated route for I4C transfer is actually a recycling process, and can be
considered implicit in the conservative assumptions used in BIOTRAC (Sheppard et al. 1994b).

For biotic transfer, the I4C is assumed to be in the form most readily used as substrate by each
successive stage in the food chain. This even includes I4C in ingested water, which is not a
major source of I4C for animals.

Solid phase inorganic 14C is not considered in BIOTRAC. It can result from the precipitation of
carbonates or isotopic exchange with existing carbonates. Most of the soils on the Canadian
Precambrian Shield are acidic and do not host carbonate minerals. For certain areas, carbonate
minerals are possible. Sheppard (1996) dealt with this process. In general, the presence of I4C in
carbonate minerals could increase the steady state I4C concentration of a high-pH soil, but the
biological significance is unclear because this I4C must be released into aqueous or gaseous
forms to be incorporated into biota.

Speciation of 36C1 is much simpler than for I29I or I4C, because it is dominated by the inorganic
anion form. Chlorine ions often form complex ions with metals and enhances the migration of
the metal, but there are no chemical species of Cl that would migrate more rapidly than the
inorganic anion. Indeed, Cl is often used as a tracer of water migration. For biotic transfer, as
with I4C, the Cl is assumed to be in the form most readily absorbed by the successive stages in
the food chain.

5. CHEMICAL SPECIATION IMPLICIT IN BIOTRAC

There are relatively few parameter values used in BIOTRAC that are specific to I and hence may
be dependent on the speciation chemistry of I. Most of these refer to transfer processes in the
biosphere. In most cases, the parameters in BIOTRAC were assigned broad statistical
distributions intended to encompass the effects of chemical speciation as well as many other
effects. The various dose conversion factors (DCFs) are a special case, because no variability
was assigned. There are three general types of DCFs for 129I: external (based on ICRP methods),
internal transfer-factor (after the ICRP), and internal specific activity (derived for BIOTRAC).

5.1 DOSE CONVERSION FACTORS

The external DCFs predict dose from 129I located outside the body and are based on physical
principles. As such, they are not affected by the speciation of the element.
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The internal transfer-factor DCFs were obtained from ICRP documents, and we defer to the
ICRP as international authorities. The values in ICRP are based on a model of the physiological
behavior of I and on the internal radiation physics of 129I. The model of the physiological
behavior of I is based on the observed distribution of stable I in the body, and so implicitly
includes the effects of speciation of I in the environment. The physiological model is directly
dependent on chemical speciation, and involves parameters to describe the transfer of I from the
gut to the circulatory system, and then through a series of body compartments and ultimately to
excretion. Data for these parameters are often obtained in radiotracer studies, notably with 131I.
When the ICRP provided DCFs for various species of a radionuclide, the largest DCF was
chosen for BIOTRAC to conservatively estimate the largest dose (Davis et al. 1993). Once I is in
the body, it is usually assumed that the chemical speciation of I is determined by physiology and
not by environmental origin, so that speciation effects are often not considered explicitly. This is
support by studies such as Pahuja et al. (1993) and Miller and Ammerman (1995) who compared
the physiological effects of different I speciation, and saw little effect.

The model of internal radiation physics is independent of speciation apart from the assumed
distribution of I in the body., and may affect the internal radiation physics model.

The internal specific activity DCFs were developed specifically for BIOTRAC. For them, a key
assumption is that the 129I and stable I are of the same chemical species, so that isotopic exchange
will be effective and complete. Indeed, the assumption must hold both within the body and in the
geosphere. In the body, it is an identical assumption to that used for the internal transfer-factor
DCFs: the 129I behaves in the same way as indigenous I or 13lI used in tracer tests. In the
geosphere, the assumption is based on the concept that the I29I takes a very long time to pass
through the geosphere, from the vault to the biosphere, and so has ample time to achieve the
same chemical species as the indigenous I. Sheppard (1996) deals with specific activity models
in more detail.

5.2 WATER TO SEDIMENT TRANSFER FACTOR

The water to sediment transfer factor, a, reflects the process by which radionuclides are
deposited from the water column to the sediment. It is the only parameter from the aquatic
model that could be species specific. Gaseous evasion is assumed to not deplete the lake I29I
concentration, so that speciation is not an issue for now.

The process of water to sediment transfer is largely mediated by suspended particulates that in
some way entrain the radionuclides and eventually settle to the bottom of the water body. Iodine
is particle reactive, principally because it is strongly biophilic. The result is that the entrainment
of the I onto particles is often the result of biological processes, which involve reduction of I
species to iodide or reaction with unsaturated biological molecules. Therefore, speciation is
modified by the process of entrainment on the particles. As a result, the data used to derive a are
relatively independent of the chemical speciation in the water column, because the speciation is
controlled by the process. The range of values specified for BIOTRAC encompasses the
available observations and the full range of water chemistry conditions expected on Shield lakes.
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5.3 ATMOSPHERE MODEL PARAMETERS

Release of I from fresh surface waters to the atmosphere is based on I-specific data from oceans,
and the dominant chemical species released in the oceanic setting is methyl I. The assumption is
that the release from fresh water is either methyl I or another species with a similar release rate to
oceanic I.

Release of I from soils to the atmosphere is based on I-specific empirical data, not supported by
conclusive investigation of the chemical speciation. The assumption is that the settings in those
investigations created chemical species representative of the settings modelled by BIOTRAC (see
Section 5.4).

Release of I from domestic water in the atmosphere is assumed to be total (i.e., all I in water used
domestically is released to the indoor atmosphere), so that no assumption about speciation is
required.

Release of I from combustion of biomass for heating, land clearing or forest fires is assumed to
be total (i.e., all I in the burned biomass is released to the atmosphere), so that no assumption
about speciation is required.

Deposition of I onto soils and plants is based on non-I-specific data. The assumption related to
speciation is broadened: for all elements including all species of the elements, the range of
deposition is encompassed by a single distribution of washout ratios plus a single distribution of
dry deposition velocities. Deposition of soil-derived atmospheric I onto plants is assumed to be
implicit in the soil-to-plant transfer factor. This is because the soil-to-plant transfer factor is
based on I-specific empirical data, not supported by conclusive investigation of the chemical
speciation. The assumption is that the settings in those investigations created chemical species
representative of the settings modelled by BIOTRAC.

5.4 SOIL MODEL PARAMETERS

The soil solid/liquid partition coefficient, Kd, is dependent on chemical speciation for many
radionuclides, because soils can range from quite acidic to basic and from aerobic to anaerobic.
In addition, there is substantial biological activity in soils, so that biologically mediated reactions
also occur. Sheppard et al. (1989, 1995), Sheppard and Thibault (1992) and Sheppard and
Hawkins (1995) presented papers dealing with the sorption of I in soils. In general, the strategy
has been to measure Kd under realistic conditions so that the data implicitly include effects of
chemical speciation. Although there are effects of speciation on the Kd for I, the effect is not
large and is easily encompassed by the variability assigned to Kd in BIOTRAC.

The soil degassing rate constant is an important parameter, because it governs one of the
processes by which a soil, and subsequently the dose models, lose 129I. The data for this
parameter are very sparse, and the effects of chemical speciation are only speculative. It may be
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that CH3I is the species volatilized from soils, and its formation would be biogenic. The
parameter value for BIOTRAC was chosen based on all the data available, and this data did not
describe speciation. In some cases, the studies were based on I that had been in contact with the
soil for several years, so that it is assumed the I speciation was at steady state. An implied
assumption is that the speciation in those studies is also relevant to the settings modelled by
BIOTRAC. Sheppard et al. (1994a) have provided much more data, and there is general
agreement, within the variability assigned to the parameter.

5.5 OTHER FOOD CHAIN MODEL PARAMETERS

The fish/water transfer factor, B, is likely dependent on chemical speciation, but is a very
complex, varied-length chain of events. The values are obtained empirically, and chemical
speciation may not be accurately reported. Firstly, the "fish" being considered include mollusks
and other edible aquatic species, these range from detrital feeders to pelagic predators, and they
range in age from months to decades. Bird and Schwartz (1996) has dealt with the implications
of this broad categorization of species and the implications for radionuclide transfer. The
processes governing uptake of I include direct absorption of dissolved I species, or indirect
absorption through consumption of organic I in particulates or prey. It is likely that I in organic
particulates or prey will be there as a result of some biological action, and will be as iodide or
organically bound I. Iodide is often the dominant species in fresh water, and so much of the
empirical data will involve iodide or organic I. The assumption in BIOTRAC is that the
empirical data are from settings where I behaves in the same manner as it would in Shield water
bodies. A very broad distribution of values has been assigned to account for the enormous
complexity and uncertainty of B, and there is considerable confidence that this range will
encompass any effects attributable to chemical speciation.

The plant/soil transfer factor, Bv, has a large inherent variability, as discussed in several papers
in support of BIOTRAC, summarized by Sheppard and Evenden (In press, 1996). This
variability encompasses many botanic species as well as chemical species and many other
factors. In general, the impact of chemical speciation is restricted to some extent by the chemical
requirements of the plants to survive. For example, plants cannot survive in an anaerobic setting:
aquatic macrophytes manage to support roots in anaerobic sediments only because they transport
oxygen into the sediment. Sheppard and Motycka (In press) investigated this possibility for
effects on I uptake. In general, I is more soluble in anaerobic soils than in aerobic soils, and this
has even led to induced I toxicity to plants when soils are flooded for rice production. Sheppard
and Motycka (In press) investigated this phenomenon for wild rice, a native plant of the
Canadian Precambrian Shield. They did observe higher values of Bv for flooded soils, but this
effect was minor. There is considerable confidence in asserting that the variability in Bv used in
BIOTRAC encompasses all possible effects of speciation of I.

The role of speciation in the feed-to-meat, feed-to-milk or feed-to-egg transfer factors, F, is
somewhat simpler for these parameters, because in most cases the transfer is from one biological
material to another. Plant materials make up most of the diet of the animals involved, so that I
speciation is determined by plant processes. The values of F are empirical, and the only
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assumption in BIOTRAC is that the studies used plant incorporated I or the equivalent to obtain
the data. However, F is used to model the transfer of I from ingested soil and water, where
speciation will not be as well controlled as in plant-based feeds. These pathways are minor in
meeting the dietary needs for I, and the issue is of lesser importance. The assumption in
BIOTRAC is that I ingested with soil or water is equally bioavailable as I ingested with plant-
based feeds. Because the gut processes of the animal are the same, it is probable that speciation
is controlled by the gut and that differences in speciation of the materials ingested is unimportant.
There is variability assigned to the values of F, and this is assumed to encompass, among other

things, the effects of speciation in the various media.

The food chain model uses parameters to describe the concentration of stable I in groundwater,
the total amount of I in the thyroid and the intake rate of stable I in the diet. These are used to
estimate doses using the internal specific activity DCFs (Section 5.1). As described in Section
5.1, there is a general assumption that these values for stable I reflect the same chemical species
as the 129I.

6. ISSUES

This Section summarizes aspects of the behaviours of I noted in the speciation literature which
were not explicitly dealt with in BIOTRAC. Most of these issues relate to the possibility that
BIOTRAC may have underestimated the impact of I29I through the specific pathway discussed.
There is little doubt that, overall, BIOTRAC was very conservative and overestimated the total
dose from all pathways, if for no other reason that it summed pathways that are very unlikely to
simultaneously affect the same individuals.

Of concern in any environmental assessment is the possibility of accumulation of the
contaminant in a specific part of the biosphere. One such process noted for I is the diagenesis of
sediments leading to enrichment. Kennedy and Elderfield (1987) noted this in oceanic
sediments. When the organic sediment material was first deposited, it had an I concentration
typical of suspended particulates. As the sediment aged, it lost organic matter by respiration and
the I concentration increased. Loss of I as iodide from sediments to the water column is often
observed as an increased I concentration in the I profile near the sediment/water interface.
BIOTRAC does not explicitly model sediment diagenesis or release of radionuclides from the
sediment to the water column, net transfer is described. Separate modelling of transfer into and
out of sediment is likely of minor importance and is overshadowed by other conservative
assumptions that increase the dose estimates.

The impact of goitrogens and other causes of I deficiency on dose estimation has received little
more than passing mention in the literature. Part of the reason may be that a present health
disorder as a result of I deficiency supersedes in importance a potential future disorder as a result
of radiological dose. However, goitre is not a debilitating disease, and although it may
predispose other disorders such as thyroid cancer, it is likely that radiological impacts
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incremental to goitre need to be considered. This raises some interesting questions. In the case
of goitre, the thyroid is enlarged but the total amount of I present may be quite similar to the non-
goitrous case. Thus, assuming a constant specific activity of l29I/stable I, the dose estimate may
change very little. However, in the case of induced goitre as a result of goitrogens, the total
amount of I in the thyroid is increased. This will lead to a higher estimated dose. The
occurrence of goitre is not specified in ICRP Reference Man, but given that goitre is endemic in
many areas, and the important consequences for dose estimation, it may be pertinent to consider
DCF values for I-deficient cases.

The concept of glaciation disrupting the global I cycle, although subject to debate, has important
implications for long-term assessment of the impacts of I29I. The glacial-induced scouring of soil
and flushing of groundwater systems will cause substantial loss of I from affected areas. The
result may be an area of endemic I deficiency, and hence very conservative cycling of the I
present. It has been suggested that under I deficiency, the dose from radioactive I may be greater.
In addition, the depleted area would begin to accumulate I from oceanic and weathering sources.
If the area is host to a fuel waste disposal vault, then some of the influx of new I may include I29I

discharged with groundwater. Although this scenario was not explicitly modeled by AECL
(1994), it is likely that it would be encompassed by the scenarios modelled.

The volatilization of I from soils is a key loss processes which governs the steady state I
concentration in soils of the local environment. There are very few data for this important
parameter, and it clearly involves a change in chemical and physical speciation. In addition, it is
clear that the soil-atmosphere-plant pathway is operative for I, and may be more important than
the soil-root-plant pathway for the contamination of plants. This has been included implicitly in
BIOTRAC by using only field data to describe the soil-to-plant transfer, but this is inexact and
should be supported by more detailed information, especially regarding speciation.

7. SUMMARY AND CONCLUSIONS

The chemical speciation of elements in the environment is a large and active research topic, with
rapid advances possible because of new analytical equipment. There are a few dramatic
examples of where speciation markedly affected the behaviour of an element, sometimes in an
unexpected and unfortunate manner. Minimata disease as a result of methyl Hg is an example,
where over 20,000 people were affected. Events such as this focus the attention of scientists and
the public on detailed knowledge of the behaviour of contaminants, especially to situations where
unexpected phenomenon may occur.

The Canadian nuclear fuel waste management program has assessed the potential impacts of
deep underground disposal of spent nuclear fuel. In a broad sense, chemical speciation is critical
to this assessment, because most of the radionuclides are retained in some insoluble form in the
disposal vaults for many thousands of years. A few radionuclides, notably I29I, I4C and 36C1, are
not strongly retained in the vault, because they form very soluble species. They behave as
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anions, free to diffuse or move with flowing water. As a result, they are the radionuclides that
may contribute marginally to radiological doses at the earth's surface, far in the future. The
largest contributor is l29I, and we focus on it in this report.

Because I is already quite mobile and is assumed to migrate as quickly as any element could,
there is little opportunity for effects of speciation to increase dose estimates. For example,
actinide elements are insoluble, and so speciation effects that enhance their solubility and
migration directly effect dose estimates. However, I is already assumed to be almost as mobile
as is possible. However, despite the fact that consideration of speciation is not likely to increases
dose estimates from I29I, it is still pertinent to discuss the possible effects. That is the intent of
this report.

Speciation of I is best known in the marine environment. The marine environment is not
modelled in BIOTRAC, because the concept for disposal calls for an inland site. However,
consideration of the marine chemistry of I is important because it is the most known of the
various environmental media, the oceans are a source of stable I to most or all terrestrial regions,
and processes in the ocean may be replicated in fresh-water and soil environments. In general,
iodate is the thermodynamically stable form of I in oxygenated sea water, and predominates in
mid-depths. Iodide is found in the biologically active surface layers, because of biological
reduction of iodate and perhaps reduction by the influence of light and atmospheric ozone.
Iodide is again found near the sediment interface, because of anoxic conditions in the sediment
and/or biological activity. As can be surmised from this, iodide is more common in fresh-water
systems because, literally, the water surface and the sediment surface are closer together.

This simple representation continues for soils. Because of the biological activity in soils, the
presence of a lot of organic matter, and the occurrence of anaerobic conditions at depth or in
micro-sites, iodide is common in soils. However, retention in soils is dominated by reaction with
soil organic matter, which may involve redox changes and reaction with unsaturated organic
molecules. These processes result in accumulation of I in soils. Indeed, in the global cycle of I,
the soil is one of the media where I accumulates. This is not to say that anionic I does not leach
through soils, but that there are mechanisms that retain I.

As I moves through the food chain, the speciation becomes dominated by biological processes.
Iodine in foods is mostly iodide or organically-bound I. In mammals, the I is largely retained in
the thyroid, as an essential element in thyroid hormones. In humans, about a three month supply
of I is stored in the thyroid, in an organically bound form. Thus, chemical speciation becomes a
moot point, it is highly regulated in the body.

Most of the parameter values and model structure of BIOTRAC, the model used to assess the
environmental behaviour of 129I, are based on empirical measurements and observations. For I,
the information is largely based on the known behaviour of stable I. Thus, in regards to
speciation, the key assumption is that the 129I from the waste facility behaves in the same way as
the indigenous stable I. Because of the very long transit times involved, and relative rapidity of
chemical reactions involving I, this is a sound assumption. As a result, the effects of speciation
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on the behaviour of I are implicitly modelled in BIOTRAC. There should be no substantial
unexpected effects of speciation on dose estimates.

In the report, we identify a number of issues where speciation of I affects its behaviour in a way
not modelled by BIOTRAC. These are considered minor effects, and are far overshadowed by
the conservatism built into BIOTRAC. For example, release of I from sediments back to the
water column is not explicitly modelled. However, BIOTRAC assumes the sediments are used
as soil, are inadvertently ingested, and provide external exposure, in addition to a full suite of
aquatic pathways including immersion and consumption. These types of conservative
assumptions about the exposure pathways lead to much higher dose estimates than minor effects
of speciation. None the less, detailed understanding of the behavior of I in the environment is
essential to the credibility of models such as BIOTRAC. There is substantial room for improved
knowledge of the speciation of I, especially in freshwater and soil environments.

ACKNOWLEDGMENTS

Funding was provided by Ontario Hydro. Thoughtful comments on parts of the manuscript by
B.D. Amiro and M.I. Sheppard were most helpful, as were the detailed reviews of the whole
document by G.A. Bird, J. McMurry and R. Zach.

REFERENCES

AECL (Atomic Energy of Canada Limited). 1994. Environmental impact statement on the
concept for disposal of Canada's nuclear fuel waste. Atomic Energy of Canada Limited
Report, AECL-10711, COG-93-1.

Alexander, B.M. and J.W. Doty. 1983. Radioiodine control in incinerator offgas. Nuclear and
Chemical Waste Management 4: 253-258.

Alexander, N.M. 1984. Iodine. In: E. Frieden (ed.), Biochemistry of the Elements, Vol. 3,
Biochemistry of the Essential Trace Elements, Plenum Press, New York, NY, 33-53.

Allen, H.E. 1993. The significance of trace metal speciation for water, sediment and soil quality
criteria and standards. The Science of the Total Envrionment, Supplement 1993: 23-45.

Amiro, B.D. and F.L. Johnston. 1989. Volatilization of iodine from vegetation. Atmospheric
Environment 23: 533-538.



- 2 6 -

Amiro, B.D., Y. Zhuang and S.C. Sheppard. 1991. Relative importance of atmospheric and root
14

uptake pathways for CO2 transfer from contaminated soil to plants. Health Physics 61:

825-829.

Anderson, K.A., B. Casey, E. Diaz, P. Markowski and B. Wright. 1996. Speciation and
determination of dissolved iodide and iodine in environmental aqueous samples by
inductively coupled plasma atomic emission spectrometry. Journal of AOAC
International 79: 751-756.

Bartonicek, B. and A. Habersbergerova. 1986. Investigation of the formation possibilities of
alkyl iodides in nuclear power plants. Radiation Physics and Chemistry 28: 591-600.

Behrens, H. 1982. New insights into the chemical behaviour of radioiodine in aquatic
environments. In: Environmental Migration of Long-Lived Radionuclides,
IAEA-SM-257/36, International Atomic Energy Agency, Vienna, Austria, 27-40.

Bird, G.A., M. Motycka, J. Rosentreter, W.J. Schwartz and P. Vilks. 1995b. Behaviour of I25I
added to limnocorrals in two Canadian Shield lakes of differing trophic states. The
Science of the Total Environment 166: 161 -177.

Bird, G.A., W.J. Schwartz and J. Rosentreter. 1995a. Evolution of I31I from freshwater and its
partitioning in simple aquatic microcosms. The Science of the Total Environment 164:
151-159.

Bird, G.A. and W. Schwartz. 1996. Nuclide concentration factors for freshwater biota. Atomic
Energy of Canada Limited Technical Record, TR-703, COG-95-321.*

Bors, J., R. Martens and W. Kiihn. 1988. Studies on the role of natural and anthropogenic
organic substances in the mobility of radioiodine in soils. Radiochimica Acta 44/45:
201-206.

Borst Pauwels, G.W.F.H. 1962. An investigation into the effects of iodide and iodate on plant
growth. Plant and Soil 16: 284-292.

Brandao, A.C.M., A. de L.R. Wagener and K. Wagener. 1994. Model experiments on the
diurnal cycling of iodine in seawater. Marine Chemistry 46: 25-31.

Bull, R.J., K.D. Thrall and T.T. Sherer. 1991. Thyroid effects of iodine and iodide in potable
water. Presented at the 21st International Conference on Environmental Systems,
San Francisco, CA, USA, July 15-18. Society of Automotive Engineers Technical Paper
Series, 23-26.

Bulman, R.A. and J.R. Cooper. 1985. Speciation of Fission and Activation Products in the
Environment. Elsevier Applied Science Publishers, London, UK.



- 2 7 -

Burte, P.P., A.G.C. Nair, S.B. Manohar and S. Prakash. 1991. Iodide and iodine uptake in
plants. Journal of Radioanalytical and Nuclear Chemistry Letters 155: 391-402.

Butler, E.C.V. and J.D. Smith. 1981. Influence of phytoplankton on iodine speciation in
seawater. Limnology and Oceanography 26: 382-386.

Butler, E.C.V. and J.D. Smith. 1985. Iodine and arsenic redox species in oxygen-deficient
estuarine waters. Australian Journal of Marine and Freshwater Research 36: 301-309.

Campos, M.L.A.M., P.D. Nightingale and T.D. Jickells. 1996. A comparison of methyl iodide
emissions from seawater and wet depositional fluxes of iodine over the southern North
Sea. Tellus48(B): 106-114.

Caroli, S. 1995. Element speciation: Challenges and prospects. Microchemical Journal
51:64-72.

CCME (Canadian Council of Ministers of the Environment). 1991. Interim Canadian
environmental quality criteria for contaminated sites. Canadian Council of Ministers of
the Environment, Winnipeg, MB. CCME, EPC-CS34, 20 pp.

Chanoine, J-P., J.L. Leonard and L.E. Braverman. 1993. Selenium, iodine, and the thyroid. In:
F. Delange et al. (eds.), Iodine Deficiency in Europe, Plenum Press, New York, NY,
71-78.

Chatfield, R.B. and P.J. Crutzen. 1990. Are there interactions of iodine and sulfur species in
marine air photochemistry? Journal of Geophysical Research 95: 22319-22341.

Clarke, W.E. and W.B. Howerton. 1980. The fixation of radioiodine with Portland cement.
Part II: Radiation stability tests. Nuclear Technology 49: 209-213.

Cohen, B.L. 1985. The origin of I in soil and the 129I problem. Health Physics 49: 279-285.

Couture, R.A. and M.G. Seitz. 1983. Sorption of anions of iodine by iron oxides and kaolinite.
Nuclear and Chemical Waste Management 4: 301-306.

Cox, CD., M.A. Shoesmith and M.M. Ghosh. 1996. Electrokinetic remediation of mercury-
contaminated soil using iodine-iodide lixiviant. Environmental Science and Technology
30: 1933-1938.

Crush, J.R. and J.R. Caradus. 1995. Cyanogenesis potential and iodine concentration in white
clover (Trifolium repens L.) cultivars. New Zealand Journal of Agricultural Research
38:309-316.



- 2 8 -

Davies, F.C.W. 1991. Minamata disease: A 1989 update on the mercury poisoning epidemic in
Japan. Environmental Geochemistry and Health 13: 35-38

Davis, P.A., R. Zach, M.E. Stephens, B.D. Amiro, G.A. Bird, J.A.K. Reid, M.I. Sheppard,
S.C. Sheppard and M. Stephenson. 1993. The disposal of Canada's nuclear fuel waste:
The biosphere model, BIOTRAC, for postclosure assessment. Atomic Energy of Canada
Limited Report, AECL-10720, COG-93-10.

Delange, F. 1994. The disorders induced by iodine deficiency. Thyroid 4: 107-128.

Desmet, G. and J. Sinnaeve. 1992. Evaluation of data on the transfer of radionuclides in the
food chain, post-Chernobyl action. Commission of the European Communities, Brussels,
Belgium, EUR-12550.

Donard, O.F.X. and F.M. Martin. 1992. Hyphenated techniques applied to environmental
speciation studies. Trends in Analytical Chemistry 11: 17-26.

Driscoll, C.T. and W.D. Schecher. 1988. Aluminum in the environment. In: H. Sigel and
A. Sigel (eds.), Metal Ions in Biologial Systems, Vol. 24, Aluminum and Its Role in
Biology, 59-122.

Dudarev, A.L., T.S. Potapova, Yu.A. Selitskij, V.B. Funshtejn, L.A. Yakovleve and
E.A. Gromova. 1991. [Effect of radiochemical purity of sodium iodide on thyroid
absorption.] Meditsinskaya Radiologiya 36: 41-43.

Dumont, J.E., B. Corvilain and B. Contempre. 1994. The biochemistry of endemic cretinism:
roles of iodine and selenium deficiency and goitrogens. Molecular and Cellular
Endocrinology 100: 163-166.

Dunn, J.T. 1993. Sources of dietary iodine in industrialized countries. In: F. Delange et al.,
(eds.), Iodine Deficiency in Europe, Plenum Press, New York, NY, 17-23.

Evans, G.J. and K.A. Hammad. 1995. Radioanalytical studies of iodine behaviour in the
environment. Journal of Radioanalytical and Nuclear Chemistry 192: 239-247.

Evans, G.J., R.E. Jervis and E.G. Csillag. 1988. The air/water partitioning of radioiodine: An
experimental assessment. Journal of Radioanalytical and Nuclear Chemistry 124:
145-155.

Evans, G.J., S.M. Mirbod and R.E. Jervis. 1993. The volatilization of iodine species over dilute
iodide solutions. The Canadian Journal of Chemical Engineering 71: 761-765.



- 2 9 -

Fehn, U., U. Rao and R.T.D. Feng. 1995. Anthropogenic 129I in western New York:
Distribution, sources and pathways. Proceedings of the 209th American Chemical Society
National Meeting, Anaheim, CA, 1995 April 2-6, Abstract 092.

Fernando, Q. 1995. Metal speciation in environmental and biological systems. Environmental
Health Perspectives 103 (Supplement 1): 13-16.

Fitzgerald, W.F. and T.W. Clarkson. 1991. Mercury and monomethylmercury: Present and
future concerns. Environmental Health Perspectives 96: 159-166.

Fleming, G.A. 1980. Essential micronutrients II: Iodine and selenium. In: B.E. Davies (ed),
Applied Soil Trace Elements, John Wiley & Sons, Ltd., 199-234.

Fuge, R. 1987. Iodine in the environment: Its distribution and relationship to human health.
Trace Substances and Environmental Health 21: 74-87.

Fukui, M., Y. Fujikawa and N. Satta. 1996. Factors affecting interaction of radioiodine and
iodate species with soil. Journal of Environmental Radioactivity 31: 199-216.

Fulker, M.J., J. McKeever and C.P. Birch. 1995. Validation of the modelling of 129I transfer
through the air-grass-milk pathway. In: Environmental Impact of Radioactive Releases.
Proceedings of an International Symposium. Vienna, Austria, IAEA, October 1995,
734-737.

Ghuman, G.S., B.G. Motes, S.J. Fernandez, K.W. Guardipee, G.W. McManus, CM. Wilcox and
F.J. Weesner. 1993. Distribution of antimony-125, cesium-137, and iodine-129 in the
soil-plant system around a nuclear fuel reprocessing plant. Journal of Environmental
Radioactivity 21: 161-176.

Gillie, R.B. 1971. Endemic goiter. Scientific American 224: 93.

Handl, J. 1996. Concentrations of 129I in the biosphere. Radiochimica Acta 72: 33-38.

Hetzel, B.S. 1983. Iodine deficiency disorders (IDD) and their eradication. Lancet (England)
2/8359: 1126-1129.

Hrudey, S.E., W. Chen and C.G. Rousseaux. 1996. Bioavailability in Environmental Risk
Assessment. CRC Press, Inc., Boca Raton, FL.

Hughes, K., M.E. Meek, R. Newhook and P.K.L. Chan. 1995. Speciation in health risk
assessments of metals: Evaluation of effects associated with forms present in the
environment. Regulatory Toxicology and Pharmacology 22: 213-220.



- 3 0 -

Jee, R.C. and S.K. De. 1967. The effect of humic acid on iodide adsorption by soils. Indian
Journal of Applied Chemistry 30(3-4).

Johnson, J.R. 1981. Radioiodine dosimetry. Journal of Radioanalytical Chemistry 65: 223-238.

Johnson, L.H., Goodwin, B.W., Sheppard, S.C., Tait, J.C., Wuschke, D.M. and Davison, C.C.
1994. Radiological assessment of 36C1 in the disposal of used CANDU fuel. Atomic
Energy of Canada Limited Report, AECL-11213, COG-94-527.

Jones, S.D. and V.W. Truesdale. 1984. Dissolved iodine species in a British freshwater system.
Limnology and Oceanography 29: 1016-1024.

Kennedy, H.A. and H. Elderfield. 1987. Iodine diagenesis in non-pelagic deep-sea sediments.
Geochimica et Cosmochimica Acta 51: 2505-2514.

Kirchner, G. 1994. Transport of iodine and cesium via the grass-cow-milk pathway after the
Chernobyl accident. Health Physics 66: 653-665.

Koch, J.T. and B.D. Kay. 1987. Transportability of iodide in some organic soil materials from
the Precambrian Shield of Ontario. Canadian Journal of Soil Science 67: 353-366.

Koch, J.T., D.B. Rachar and B.D. Kay. 1989. Microbial participation in iodide removal from
solution by organic soils. Canadian Journal of Soil Science 69: 127-135.

Kuhajek, E.J. and H.W. Fiedelman. 1973. Nutritional iodine in processed foods. Proceedings of
the 4th Symposium on Salt, 1973 April 8-12, North Ohio Geological Society,
Cleveland, OH, Vol. 1, 447-449.

Lamberg, B.-A. 1993. Iodine deficiency disorders and endemic goitre. European Journal of
Clinical Nutrition 47: 1-8.

Lee, B.S., W.A. Jester and J.M. Olynyk. 1991. Radioiodine speciation in the hot cell effluent
gases of a radiopharmaceutical production facility. Health Physics 61: 255-258.

Lengemann, F.W. 1969. Radioiodine in the milk of cows and goats after oral administration of
radioiodate and radioiodide. Health Physics 17: 565-569.

Luther, G.W. Ill and H. Cole. 1988. Iodine speciation in Chesapeake Bay waters. Marine
Chemistry 24: 315-325.

Luther, G.W. Ill, J. Wu and J.B. Cullen. 1995. Redox chemistry of iodine in seawater, Frontier
molecular orbital theory considerations. Advances in Chemistry Series 244: 135-155.



-31 -

Manley, S.L. 1994. The possible involvement of methylcobalamin in the production of methyl
iodide in the marine environment. Marine Chemistry 46: 361-369.

Matovinovic, J., M.A. Child, M.Z. Nichaman and F.L. Trowbridge. 1974. Iodine and endemic
goiter. Scientific Publications - Pan-American Health Organization 292: 67-94.

Meguro, H., T. Abe, T. Ogasawara and K. Tuzimura. 1967. Analytical studies of Iodine in food
substances. Part I. Chemical form of iodine in edible marine algae. Agriculture and
Biological Chemistry 31: 999-1002.

Miller, E.R. and C.B. Ammerman. 1995. Iodine bioavailability. In: C.B. Ammerman,
D.H. Baker and A.J. Lewis (eds.), Bioavailability of Nutrients for Animals: Amino Acids,
Minerals, and Vitamins. Academic Press, Inc., London, UK, 157-167.

Milton, G.M., R.J. Cornett, S.J. Kramer and A. Vezina. 1992. The transfer of iodine and
technetium from surface waters to sediments. Radiochimica Acta 58/59: 291-296.

Moisan, T.A., W.M. Dunstan, A. Udomkit and G.T.F. Wong. 1994. The uptake of iodate by
marine phytoplankton. Journal of Phycology, 30: 580-587.

Morrison, G.M.P., G.E. Batley and T.M. Florence. 1989. Metal speciation and toxicity.
Chemistry in Britain, August 1989: 791-796.

Muramatsu, Y. and S. Yoshida. 1995. Volatilization of methyl iodide from the soil-plant
system. Atmospheric Environment 29: 21-25.

Muramatsu, Y., S. Yoshida, S. Uchida and A. Hasebe. 1996. Iodine desorption from rice paddy
soil. Water, Air and Soil Pollution 86: 359-371.

Muramatsu, Y., D. Christoffers and Y. Ohmomo. 1983. Influence of chemical forms on iodine
uptake by plant. Journal of Radiation Research 24: 326-338.

Muramatsu, Y., S. Uchida, M. Sumiya, Y. Ohmomo and H. Obata. 1989. Tracer experiments on
transfer of radio-iodine in the soil-rice plant system. Water, Air, and Soil Pollution 45:
157-171.

Muramatsu, Y., S. Uchida, P. Sriyotha and K. Sriyotha. 1990. Some considerations on the
sorption and desorption phenomena of iodide and iodate on soil. Water, Air, and Soil
Pollution 49: 125-138.

Nagataki, S. 1979. Iodine-induced goiter; Effects of high iodine intake on thyroid function.
International Encyclopedia on Pharmacology and Therapeutics 101: 453-464.



- 3 2 -

Neal, C , C.J. Smith, J. Walls, P. Billingham, S. Hill and M. Neal. 1990. Comments on the
hydrochemical regulation of the halogen elements in rainfall, stemflow, throughfall and
stream waters at an acidic forested area in mid-Wales. The Science of the Total
Environment 91: 1-11.

Nicholson, S. 1989. The application of the MINEQL chemical speciation code in marine dose
assessments. Report R-490, Safety and Reliability Directorate, United Kingdom Atomic
Energy Authority, Wigshaw Lane, Culcheth, Warrington WA3 4NE.

Nishimaki, K., N. Satta and M. Maeda. 1994. Sorption and migration of radioiodine in saturated
sandy soil. Journal of Nuclear Science and Technology 31: 828-838.

Noguchi, H. and M. Murata. 1988. Physicochemical speciation of airborne I3II in Japan from
Chernobyl. Journal of Environmental Radioactivity 7: 65-74.

Norman, B.R. and G.V. Iyengar. 1994. Determination of iodine in diverse botanical and dietary
matrices by pre-irradiation combustion followed by neutron activation analysis.
Fresenius Journal of Analytical Chemistry 348: 430-432.

Nriagu, J.O. and E. Nieboer. 1988. Chromium in the natural and human environments. In:
Advances in Environmental Sciences and Technology, Volume 20. Wiley-Interscience,
New York, NY.

Oestling, O., P. Kopp and W. Burkart. 1989. Foliar uptake of cesium, iodine and strontium and
their transfer to the edible parts of beans, potatoes and radishes. Radiation Physics and
Chemistry 33: 551-554.

Ohe, T., A. Nakaoka and S. Takagi. 1982. Adsorption of gaseous I31I2 and CH3
 m I onto

geological materials. Nuclear Technology 58: 521-529.

Ohr, H.D., J.J. Sims, N.M. Grech, J.O. Becker and M.E. McGiffen, Jr. 1996. Methyl iodide, an
ozone-safe alternative to methyl bromide as a soil fumigant. Plant Disease 80: 731-735.

Oram, D.E. and S.A. Penkett. 1994. Observations in eastern England of elevated methyl iodide
concentrations in air of Atlantic origin. Atmospheric Environment 28: 1159-1174.

Pahuja, D.N., M.G.R. Rajan, A.V. Borkar and A.M. Samuel. 1993. Potassium iodate and its
comparison to potass
Physics 65: 545-549.
comparison to potassium iodide as a blocker of m I uptake by the thyroid in rats. Health

Paquette, J., D.J.Wren and B.L. Ford. 1986. Iodine chemistry. In: The Three Mile Island
Accident: Diagnosis and Prognosis, American Chemical Society. Symposium Series
No. 293., 193-210.



- 3 3 -

Pel, E. and H. Schiittelkopf. 1994. Der Iodgehalt von Wein und dessen gaschromatographische
Bestimmung. Deutsche Lebensmittel-Rundschau 90: 242-247.

Phillips, D.J.H. 1990. Arsenic in aquatic organisms: A review, emphasizing chemical
speciation. Aquatic Toxicology 16: 151-186.

Porcella, D.B., J.W. Huckabee and B. Wheatley. 1995. Mercury as a Global Pollutant. Kluwer
Academic Publishers, Dordrecht, The Netherlands.

Quan, R.C., M. Mehdi-Oskui and G.J. Evans. 1993. The radiolysis of aqueous organic systems
and its effect on iodine volatility, Vol. 3. Proceedings of the International Nuclear
Congress, 1993 October 3-6, Toronto, ON, 1-7.

Reifenhauser, C. and K.G. Heumann. 1990. Development of a definitive method for iodine
speciation in aqueous systems. Fresenius Journal of Analytical Chemistry 336: 559-563.

Reifenhauser, W. and K.G. Heumann. 1992. Determinations of methyl iodide in the Antarctic
atmosphere and the South Polar Sea. Atmospheric Environment 26A: 2905-2912.

Runia, W.Th. 1994. Disinfection of recirculation water from closed cultivation systems with
iodine. Med. Fac. Landbouww. University Gent 59/3a: 1065-1070.

Salbu, B and D.H. Oughton. 1995. Processes affecting the uptake of radioactive species into the
environment. Radiation Protection Dosimetry 62: 1-4

Schmitz, K. and D.C. Aumann. 1994. Why are the soil-to-pasture transfer factors, as determined
by field measurements, for 127I lower than for I29I? Journal of Environmental
Radioactivity 24: 91-100.

Schmitz, K. and D.C. Aumann. 1995. A study on the association of two iodine isotopes, of
natural 127I and of the fission product 129I, with soil components using a sequential
extraction procedure. Journal of Radioanalytical and Nuclear Chemistry 198: 229-236.

Seki, R., K. Endo and N. Ikeda. 1995. Determination of radioiodine species in rain water
collected at Tsukuba near Tokyo. Journal of Environmental Radioactivity 6: 213-217.

Seki, R. and T. Hatano. 1994. Isotopic ratios of 129I/127I in mammalian thyroid glands in Japan.
Journal of Radioanalytical and Nuclear Chemistry 182: 157-163.

Sheppard, M.I. and J.L. Hawkins. 1995. Iodine and microbial interactions in an organic soil.
Journal of Environmental Radioactivity 29: 91-109.

Sheppard, M.I. and D.H. Thibault. 1992. Chemical behaviour of iodine in organic and mineral
soils. Applied Geochemistry 7: 265-271.



-34 -

Sheppard, ML, D.H. Thibault and P.A. Smith. 1989. Iodine dispersion and effects on
groundwater chemistry, following a release to a peat bog, Manitoba, Canada. Applied
Geochemistry 4: 423-432.

Sheppard, M.I., D.H. Thibault, J. McMurry, and P.A. Smith. 1995. Factors affecting the soil
sorption of iodine. Water, Air, and Soil Pollution 83: 51-67.

Sheppard, M.I., D.H. Thibault, P.A. Smith and J.L Hawkins. 1994a. Volatilization: A soil
degassing coefficient for iodine. Journal of Environmental Radioactivity 25: 189-203.

Sheppard, S.C. 1992. Summary of phytotoxic levels of soil arsenic. Water, Air, and Soil
Pollution 64: 539-550.

Sheppard, S.C. 1996. Specific activity models in relation to BIOTRAC biosphere model.
Atomic Energy of Canada Limited Technical Record, TR-745, COG-96-179."

Sheppard, S.C. and W.G. Evenden. 1992. Response of some vegetable crops to soil-applied
halides. Canadian Journal of Soil Science 72: 555-567.

Sheppard, S.C. and Evenden W.G. In press. Variation in transfer factors for stochastic models:
Soil-to-plant transfer. To appear in Health Physics.

Sheppard, S.C. and Evenden, W.G. 1996. Soil-to-plant transfer of elements in natural versus
agronomic settings. Atomic Energy of Canada Limited Technical Record, TR-742,
COG-96-146.*

Sheppard, S.C. and Motycka, M. In press. Is the Akagare phenomenon important to iodine
uptake by wild rice (Zizania aquatica)? To appear in Journal of Environmental
Radioactivity.

Sheppard, S.C., W.G. Evenden and B.D. Amiro. 1993. Investigation of the soil-to-plant pathway
for I, Br, Cl and F. Journal of Environmental Radioactivity 21: 9-32.

Sheppard, S.C., B.D. Amiro, M.I. Sheppard, M. Stephenson, R. Zach and G.A. Bird. 1994b.
Carbon-14 in the biosphere: Modelling and supporting research for the Canadian Nuclear
Fuel Waste Management Program. Waste Management 14: 445-456.

Sherer, T.T., K.D. Thrall and R.J. Bull. 1991. Comparison of toxicity induced by iodine and
iodide in male and female rats. Journal of Toxicology and Environmental Health 32:
89-101.

Singhal, R.K., U. Narayanan and I.S. Bhat. 1994. Laboratory evaluation of interception and
translocation of I31I in Fenugreek and Okra plants. Health Physics 67: 529-534.



- 3 5 -

Stein, E.D., Y. Cohen and A.M. Winer. 1996. Environmental distribution and transformation of
mercury compounds. Critical Reviews in Environmental Science and Technology 26:
1-43.

Stephenson, M. and M. Motycka. 1994. Review and assessment of methods for the
measurement and speciation of iodine in fresh water. Atomic Energy of Canada Limited
Technical Record, TR-631, COG-94-64.*

Stephenson, M. and M. Motycka. 1995. Volatility of I25I in fresh water. Journal of
Environmental Radioactivity 28: 295-311.

Stipanicev, V. and M. Branica. 1996. Iodine speciation in the water column of the Rogoznica
Lake (Eastern Adriatic Coast). The Science of the Total Environment 182: 1-9.

Tian, R.C. and E. Nicolas. 1995. Iodine speciation in the northwestern Mediterranean Sea:
Method and vertical profile. Marine Chemistry 48: 151-156.

Tobler, L., S. Bajo, A. Wyttenbach and M. Langenauer. 1994. Bromine and iodine in the system
"aerosol-plant". Fresenius Journal of Analytical Chemistry 350: 85-88.

Truesdale, V.W. 1974. The chemical reduction of molecular iodine in seawater. Deep-Sea
Research 21: 761-766.

Truesdale, V.W. 1993. The chemical reduction of molecular iodine added to seawater, modelled
as a system of linked first-order reactions. Marine Chemistry 42: 147-166.

Truesdale, V.W. 1995. The distribution of dissolved iodine in Hebridean waters during mid-
winter. Marine Environmental Research 40: 277-288.

Truesdale, V.W. and G.W. Luther III. 1995. Molecular iodine reduction by natural and model
organic substances in seawater. Aquatic Geochemistry 1: 89-104.

Truesdale, V.W. and S.J. Jones. 1996. The variation of iodate and total iodine in some UK
rainwaters during 1980-1981. Journal of Hydrology 179: 67-86.

Truesdale, V.W., G.W. Luther III and C. Canosa-Mas. 1995. Molecular iodine reduction in
seawater: An improved rate equation considering organic compounds. Marine Chemistry
48: 143-150.

Uchida, S., M. Sumiya, Y. Muramatsu, Y. Ohmomo, S. Yamaguchi, H. Obata and
M. Umebayashi. 1988. Deposition velocity of gaseous I to rice grains. Health Physics
55: 779-782.



- 3 6 -

Uchida, S., Y. Muramatsu, M. Sumiya and Y. Ohmomo. 1991. Biological half-life of gaseous
elemental iodine deposited onto rice grains. Health Physics 60: 675-679.

Umaly, R.C. and L.W. Poel. 1971. Effects of iodine in various formulations on the growth of
barley and pea plants in nutrient solution culture. Annals of Botany 35: 127-131.

Vadstrup, S. 1993. Comparative aspects of iodine conservation in mammals. Comparative
Biochemistry and Physiology 106a: 15-17.

Vikis, A.C. 1989. Proceedings of the Second CSNI Workshop on Iodine Chemistry in Reactor
Safety, Toronto, Canada, 1988 June 2-3. Atomic Energy of Canada Limited Report,
AECL-9923, CSNI-149.

Voilleque, P.G. and J.H. Keller. 1981. Air-to-vegetation transport of 13II as hypoiodous acid
(HOI). Health Physics 40: 91-94.

Voilleque, P.G. 1979. Iodine species in reactor effluents and in the environment. Science
Applications, Inc., Nuclear Environmental Services Division, Rockville, MD,
20850, EPRINP-1269.

Wangersky, P.J. 1995. Bioavailability and total content as measures of pollution?
Environmental Science and Pollution Research 2: 132-133.

Whitehead, D.C. 1974. The influence of organic matter, chalk, and sesquioxides on the
solubility of iodide, elemental iodine, and iodate incubated with soil. Journal of Soil
Science 25: 461-470.

Whitehead, D.C. 1975. Uptake by perennial ryegrass of iodide, elemental iodine and iodate
added to soil as influenced by various amendments. Journal of Science and Food in
Agriculture 26: 361-367.

Whitehead, D.C. 1979. Iodine in the U.K. environment with particular reference to agriculture.
Journal of Applied Ecology 16: 269-279.

Whitehead, D.C. 1981. The volatilisation, from soils and mixtures of soil components, of iodine
added as potassium iodide. Journal of Soil Science 32: 97-102.

Whitehead, D.C. 1984. The distribution and transformations of iodine in the environment.
Environment International 10: 321-339.

WHO (World Health Organization). 1996. Iodine. In: World Health Organization, Trace
Elements in Human Nutrition and Health, Geneva, Switzerland, 47-71.



- 3 7 -

Wiechen, A. and W. Hoffman. 1994. [Studies on the iodination of cheese during cheese making
process.] Milchwissenschaft 49: 74-78.

Wildung, R.E., D.A. Cataldo and T.R. Garland. 1985. Volatilization of iodine from soil and
plants. Presented at the Speciation-85 Seminar on Speciation of Fission and Activation
Products in the Environment, Oxfordshire, England, April 16-19. Pacific Northwest
Laboratory Report, PNL-SA-12557, USDOE Contract DE-AC06-76RLO 1830.

Wimschneider, A. and K.G. Heumann. 1995. Iodine speciation in size fractionated atmospheric
particles by isotope dilution mass spectrometry. Fresenius Journal of Analytical
Chemistry 353: 191-196.

Wong, G.T.F. 1991. The marine goechemistry of iodine. Reviews in Aquatic Sciences 4:
45-73.

Yoshida, S. and Y. Muramatsu. 1995. Determination of organic, inorganic and paniculate iodine
in the coastal atmosphere of Japan. Journal of Radioanalytical and Nuclear Chemistry
196: 295-302.

Yoshida, S., Y. Muramatsu and S. Uchida. 1995. Adsorption of I and IO 3 onto 63 Japanese
soils. Radioisotopes 44: 837-845.

Yoshida, S., Y. Muramatsu and S. Uchida. 1992. Studies on the sorption of I" (iodide) and

IO" (iodate) onto andosols. Water, Air, and Soil Pollution 63: 321-329.

Yuita, K. 1979. Transfer of radioiodine from the environment to animals and plants, 2) From
soil to plant. Proceedings of NIRS Seminar on Environmental Research, Anagawa,
Chiba, Japan, 51.

Yuita, K. 1992. Dynamics of iodine, bromine, and chlorine in soil. Soil Science Plant Nutrition
38:281-287.

Yuita, K. 1994. Overview and dynamics of iodine and bromine in the environment 1. Dynamics
of iodine and bromine in soil-plant system. Japan Agricultural Research Quarterly 28:
90-99.

Zachmann, D.W. and R. Block. 1994. Studies of the availability of toxic heavy elements in soils
and sediments in the vicinity of a lead smelting site (Germany). Water, Air, and Soil
Pollution 78: 317-334.

Zvonova, LA. 1989. Dietary intake of stable I and some aspects of radioiodine dosimetry.
Health Physics 57: 471-475.



- 3 8 -

Zu, H., B. Allard, B. and A. Grimvall. 1991. Effects of acidification and natural organic
materials on the mobility of arsenic in the environment. Water, Air, and Soil Pollution
57/58: 269-278.

Internal report available from SDDO, AECL, Chalk River Laboratories, Chalk River,
Ontario, KOJ 1JO



AECL-11669

Cat. No. / NO de cat.: CC2-11669E
ISBN 0-660-16716-6

ISSN 0067-0367

To identify individual documents in the series, we have assigned an AECL- number to each.
Please refer to the AECL- number when requesting additional copies of this document from

Scientific Document Distribution Office (SDDO)
AECL
Chalk River, Ontario
Canada K0J 1J0

Fax:(613)584-1745 Tel.: (613) 584-3311
ext. 4623

Price: B

Pour identifier les rapports individuels faisant partie de cette serie, nous avons affecte un
numero AECL- a chacun d'eux. Veuillez indiquer le numero AECL- lorsque vous demandez
d'autres exemplaires de ce rapport au

Service de Distribution des documents officiels (SDDO)
EACL
Chalk River (Ontario)
Canada K0J 1J0

Fax:(613)584-1745 Tel.: (613) 584-3311
poste 4623

Prix: B

Copyright © Atomic Energy of Canada Limited, 1996.
Printed on recycled paper with vegetable-oil-based inks


