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Abstract This document provides a comprehensive overview study on the physico-
chemical speciation of radioiodine observed in the atmosphere after various emis-
sions related to nuclear activities: nuclear weapon tests, accident and incident
releases, and routine discharges. The study covers different types of nuclear facili-
ties including medical isotope production facilities (MIPFs), reprocessing plants
(RPs), and nuclear power plants (NPPs). Most attention is paid to '*'T which has a
major human health impact in the early stages of a nuclear emergency situation with
regard to inhalation. Iodine-131 combines a high yield by neutron-induced nuclear
fission of U (2.87%) or **Pu (3.8%), high dose coefficients, and a radioactive
half-life long enough to allow for spreading at global scales and entering the food
chain but sufficiently short to produce a significant dose commitment when inhaled
or ingested. Reliable dose assessment requires both detailed and valid information
on the physico-chemical composition of T present in the air. Apart from reactor
explosions and fires, which produce large amounts of particles and may therefore
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favor the presence of iodine in particulate form at short distance, other nuclear acci-
dent scenarios will lead fairly rapidly to a dominant gaseous radioiodine proportion
in the atmosphere.

Keywords Iodine - Radioiodine - Nuclear accident - Thyroid - Internal exposure -
Radiation protection - Environmental release - Environmental monitoring - Routine
discharges

15.1 Introduction

The goal of this chapter is to provide basic and updated knowledge about radioio-
dine (i.e., radioactive isotopes of iodine) speciation in the atmosphere and to pro-
vide information about the way to refine inhalation dose assessment and reduce
associated uncertainties. Within this framework, different emission scenarios cover-
ing a wide range of nuclear activities and release situations are examined. Without
neglecting the contribution of the *'T dose induced by ingestion, that may rapidly
overwhelm that of inhalation if proper ban on sales or on foodstuff consumption are
not taken rapidly after the deposition of airborne contaminant, this review focusses
on the contamination of the atmosphere and the dose induced by inhalation.

Radioiodine is of major concern for public health when released in large quanti-
ties into the atmosphere, as during nuclear accidents or even significant nuclear
incidents at short distances. Whether radioactive or not, iodine is necessary for the
thyroid gland to synthesize hormones involved in the human body metabolism. It is
considered as an essential element. Especially in areas of shortage in iodine supply
in the daily diet, the human body is seeking for each iodine molecule, ion, or com-
pound either in the breathing air or in the food. Among the various population ages,
children are most sensitive to iodine deficiency and to the uptake of radioactive
iodine.

The chemistry of iodine-containing species is complex, and their chemical
existence once released into the atmosphere will depend on many interactions
with other atmospheric compounds and will vary according to solar radiation.
Iodine is a volatile element with high vapor pressures, even at relatively low tem-
peratures. Molecular iodine (I,) sublimates quite easily even at ambient tempera-
ture and boils at 184 °C owing to this high vapor pressure. In addition,
organically-bound iodine species are even more volatile, where, for example,
methyl iodide (CH;I) boils at 42 °C. Particulate forms of iodine are often salt or
oxide forms (e.g., Csl or IO, such as 1,0;), and iodine coexists both in these gas-
eous and particulate forms in the atmosphere. Even if it is expected to remain
mostly in gaseous species (organic and inorganic), parts of them will condensate
and nucleate to form nanoparticles, or adsorb onto atmospheric aerosols. However,
the transfer kinetics related to adsorption on particles, the kinetics of the reactions
with other airborne compounds and finally the kinetics of the conversion into par-
ticulate iodine by condensation and heterogeneous nucleation are not yet fully
understood and are also a matter of uncertainties and biases in inhalation dose
assessment.
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Being a member of the halogen group, iodine is a reactive element and has a
complex chemistry with other atmospheric compounds [1]: aerosols, ozone, H,O,,
nitrogen oxides (NOx), volatile and semi-volatile organic compounds (VOC,
SVOC), etc. In addition, these interactions are driven by light and UV radiation to
form gaseous organic iodides (CH;l, CH,l,, CH;CH,CH,I, etc.) during diurnal con-
ditions while they produce mostly inorganic gaseous species (I, HI, 10, HOI, HIO;,
IONO,, etc.) in night conditions [2, 3], in addition to aerosol-bound species (mixed
iodinated aerosols, iodide salts, and iodine oxide aerosols [3] formed by reaction
with ozone to give 10,, 1,0;, 1,0,, 1,Os, etc. Gaseous iodine species such as CH;l
and even more I, are sensitive to photo-dissociation (or photolysis) under solar UV
radiation. The photolysis of I, and CH;l generate active atomic iodine (I) that will
react with the previously mentioned atmospheric compounds and will be recycled
through numerous intermediates in both gaseous and aerosol phases over time
scales of hours to days [4]. The main final CH;I photolysis products in the air are in
the form of 1,0, [5] As a consequence of photo-dissociation, the concentrations of
I, and CH;I and that of their reactions products will rapidly change between daytime
and nighttime [6, 7]. According to kinetic parameters used in iodine behavior mod-
els, it has been found that I, has a short lifetime of about 20 s before photolysis in a
sunlit atmosphere [8] or that 95% of I, released during daytime will be photo-
dissociated in less than 1 min. Over a period of a few hours [9], a rapid evolution of
the physico-chemical forms of iodine can be observed as a function of seasonal
parameters with an almost total conversion of released I, into INOx in winter condi-
tions and INOx plus organic iodine in summer conditions where photolysis plays a
predominant role. Based on kinetic parameters related to photo-dissociation rates, I,
is thus theoretically not expected to be found during daytime. However, iodine spe-
ciation data acquired after nuclear accidents demonstrate that gaseous inorganic
iodine exists in a rather high proportion after a long range transport. Relative com-
parison can be made with CH;I [10] whose photo-dissociation requires between 1.1
and 4 days [6] and even 8§ days (CHj;l is photolyzed about 600 times more slowly
than I,) [8]. Conversely, enhanced oceanic emissions of HOI (hypoiodous acid) and
I, happen during nighttime in addition to the increase of INOx as demonstrated
when using kinetic parameter-based theoretical calculations [6, 7]. Filistovic and
Nedveckaite [6] suggested that the atmospheric persistence of inorganic iodine spe-
cies in a rather significant proportion, as observed after nuclear accidents, is less
linked to I, than to other inorganic species like HOI or IONO, species. The global
chemical complexity of iodine also encompasses iodinated reaction products which
in turn will behave in a different way in the atmosphere depending on their physico-
chemical features, UV radiation, and the mechanisms involved in the contamination
of the environment: gas-to-particle conversion and transfer from one species to
another, deposition and interception, biomass integration, re-emission of aerosol-
bound iodine (liquid or solid), or gaseous re-volatilization. All the different chemi-
cal and physical forms that radioiodine (i.e., radioactive isotopes of iodine) can take
in the atmosphere will influence their individual behavior, and thus their persistence
in the atmosphere and the contamination of other compartments of the biosphere.
The same statement stands for incident releases, and routine discharges. By extrapo-
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lation, there may ultimately be consequences for long-range deposition or transport
of radioiodine with dose—response implications received in proportion to inhaled
organic, inorganic, and particulate species, as well as levels of contamination of
marine and continental ecosystems. Therefore, a comprehensive quantification of
the exposure to radioiodine is of highest importance for radioprotection issues.

15.2 Synopsis of Radioiodine Presence in the Atmosphere

Since the beginning of the nuclear era, there has been a large variety of radioac-
tive iodine emissions to the environment. Apart from '>’I, which is the only stable
isotope, there exist 42 radioactive iodine isotopes or isomers with atomic num-
bers between 108 and 145, and 13 of these are fission products. Thirteen iodine
isotopes have a half-life longer than 1 h, and four have a half-life ranging from a
few days to about 60 days (Table 15.1). Radioactive iodine isotopes are generated

Table 15.1 Radioiodine half-lives longer than 10 min and main y—X-ray energies (keV) and
emission intensity (%)

Main y—X-ray | Other Maximum f3
Specific energy (keV), | analytically | emission (keV),
Radioiodine activity emission relevant emission
mass number | Half-life (Bq/g) intensity (%) y—X-rays intensity (%)
119 19.3 min 2230 (46%)
3252 (38%)
120 1.35h 7.15-10"
120 m 53 min
121 2.12h 4.5-107 2058 (76.6%)
123 13.27h 7.2-10' 159 (83%)
124 4.18 days 602.7 (63%) 723 (10%), 1532 (11.7%)
1691 (11%)
125 59.4 days 6.4-10" 35.5 (6.68%) 27.2 (40%),
27.5 (76%)
126 13.11 days 7.1-10" 338.6 (34%) 666.3 (33%) |869.0 (33.4%)
128 24.99 min 2.2-10" 442.9 (17%) 2119.0 (76.7%)
129 1.57-107 years | 6.5-10° 39.6 (7.5%) 29.5 (20%), |151.2(99.5%)
29.8 (38%)
130 12.36 h 7.2-10' 536 (99%) 668.5 (96%), |1004.9 (48%)
739.5 (82%)
131 8.02 days 4.6-10% 364.5 (82%) 637.0 (7.1%) | 606.3 (89.4%)
132 2.28h 3.8-10" 667.7 (99%) 772.6 (76%) | 2140.0 (19%)
1185.0 (18.8%)
132 m 1.38h 6.3-10" 600 (14%) 173.7 (8.8%) | 1482.9 (8.6%)
133 209h 4.2-10' 529.9 (87%) 1227.0 (83.4%)
134 52.6 min 9.9-10"7 847 (95%) 884.0 (65%) | 1307.6 (30.4%)
135 6.61 h 1.3-10" 1260 (29%) 1131.5 1387.6 (23.8%)
(22.6%)

Compilation of data from [11-14]
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during the nuclear fuel life cycle (from spontaneous fission of uranium in soil to
energy production and reprocessing of spent nuclear fuel) or by various tech-
niques involved in radiopharmaceutical production like neutron bombardment.
Among the different released and transported radioactive iodine isotopes in the
atmosphere, most attention is paid to *'I. Todine-131 combines a high yield by
(thermal) nuclear fission of U (2.88%) or **Pu (3.8%), high dose coefficients,
and a radioactive half-life long enough to let it spread at worldwide scale and
enter the food chain but also sufficiently short to produce a high dose commit-
ment when inhaled or ingested. Major decay of *'I into *'Xe takes place through
f and y emissions with a short half-life of 8.02 days. The thermal fission of U
also produces another iodine isotope of interest, namely ' with a ratio
BI/129 = 3.59 [15] according to the most recent 2017 OECD “Joint Evaluated
Fission and Fusion File” (JEFF-3.3). Only '*I has a very long half-life
(T, = 1.57-107 years), and is also the only radioactive iodine isotope to be natu-
rally produced by nuclear reactions of atmospheric Xe under the impact of cos-
mic radiation [16], and to a lesser extent in soil by spontaneous fission of 2**U,
thermal neutron-induced fission of 23U (fission yield 0.9%), or by neutron activa-
tion reactions of tellurium isotopes in soil. However, its natural inventory esti-
mated in total to ~ 230 kg (ca. 1.5 TBq) is largely overwhelmed by anthropogenic
emissions from nuclear activities [2, 16].

15.3 Physiological Aspects and Health Impact

Iodinated compounds exhibit a high affinity with different organs (mainly the thy-
roid gland) whose metabolism is essential for the development and functioning of
the body. Iodine is an essential component of the thyroid hormones thyroxine (T4)
and triiodothyronine (T3), which regulate metabolic processes and are critical to
growth and development. The iodine concentration in the thyroid of an adult is
about 500 pg g7, and 80-90% of iodine present in the body of an adult is contained
in its thyroid. The World Health Organization (WHO) recommends a daily iodine
intake of 150 pg for an adult (and 200 pg for a pregnant or breastfeeding woman).
Large regional variations are observed, from less than 20 pg days™! to more than
10,000 pg days~'. Inhalation of air contaminated with radioiodine, i.e., during the
plume presence, or ingestion of contaminated foodstuff within days or even a few
weeks after deposition lead to internal irradiation of the thyroid gland and increases
the risk of thyroid cancer. WHO-recommended daily iodine intakes converted into
gaseous-only ', and CH,"*'T activities would be equivalent to about 0.69 and 0.35
TBq, respectively. Thus the mass of radioiodine that could be incorporated by an
individual, as a consequence of a nuclear accident, would be much lower than his
stable iodine intake. The thyroid will readily absorb 5-90% of the incorporated
radioiodine, depending on the dietary intake of stable iodine, with highest thyroid
uptake in the case of a stable iodine deficiency. Most of the remaining radioiodine
intake is quickly excreted in urine. The thyroid gland is a small organ of about
15 c¢cm®-20 cm® only, for an adult. When inhaled or ingested, "'I will thus
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concentrate in this gland where a relatively high specific dose will be delivered over
about one month, mainly through B~ radiation of mean energy 182 keV with 100%
yield and maximum emission at 606 keV (90% intensity) prone to irradiate thyroid
tissues up to 2 mm range [17].

In comparison, '*I decay emits - particles with a maximum energy of 151 keV,
100% (mean 37 keV). Because of the low levels of °I activity produced in nuclear
reactors and released in the environment in case of an accident (and its low specific
activity of 6.5-10° Bq-g™! in general), the dose induced by '*’I exposure remains
negligible compared to that from '*'I. However, because of its very long half-life,
the study of I is a matter of interest for '*'T dose reconstruction and in the frame-
work of radiological waste disposal. Indeed, in a long-term basis after the closure of
arepository I as well as *Cl, "Se, and *Tc are expected to be a major dose source
for humans due to their high mobility in the environment and anionic nature. In the
safety assessment of the spent nuclear fuel in a long-term basis, '*I and **Cl are
classified as the first (top) priority radionuclides [18].

Following the Chernobyl accident (April 1986), radio-induced hypothyroidism
appeared for high dose exposures (about 10 Gy and above), while radio-induced
thyroid cancer incidence increased about 3-5 years [19] after exposure among chil-
dren to doses higher than 100 mGy (Fig. 15.1a) [21-23]. The younger the age at
exposure, the higher the risk (Fig. 15.1b). After this accident, it has been found that
children having stable iodine deficiency experienced at least twice as high thyroid
exposure as compared with children in the case of a dietary iodine sufficiency. An
increase of cancer risk with thyroid dose was also reported among “Chernobyl liq-
uidators” exposed at adult age [24].

Iodine-containing species in the atmosphere are usually categorized into gas-
eous inorganic species with I, (elemental iodine, also called molecular iodine) as
the representative species; gaseous organic species with CH;I (methyl iodide) as the
representative, and particulate iodine (aerosol-bound). Once inhaled, these species
will deposit in different proportions in the respiratory tract and integrate partly or
almost totally the thyroid gland. Biokinetic effects are integrated in a single param-
eter named dose coefficient (dose per unit of intake, expressed in sievert per incor-
porated becquerel of radionuclide). Dose coefficients are published by the
International Commission on Radiological Protection (ICRP) for the three repre-
sentative iodine-containing species (Table 15.2). According to Morgan et al. [27],
the average CH;l deposition in the respiratory tract is 72% (53-92%) of intake [27].
The deposition of inhaled I, is even higher (>90%). For both vapors, the absorption
of deposited activity to blood is complete and very rapid. About a third of the activ-
ity transferred to blood concentrates in the thyroid within 24 h. The deposition of
particulate iodine depends on the size distribution of the aerosol. Gaseous organic
and inorganic iodine species have higher inhalation dose coefficients than aerosol-
bound because of their larger deposition in the respiratory tract: For elemental
iodine vapor (I,), it is assumed that 100% are deposited in the respiratory tract [28],
while regarding the aerosol-bound fraction, about half of the aerosol with an activ-
ity median aerosol diameter (AMAD) of 1 pm will deposit. Pathways of particle
clearance rely on exhalation, dissolution in the lung fluids, transport in the alimen-
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Fig. 15.1 (a) Temporal change of the yearly thyroid cancer number in children aged <15 when
exposed to the Chernobyl accident. Reprinted with permission, © IRSN. (b) Relative Risk (RR) of
thyroid cancer according to the age at exposure to the Chernobyl accident, after [20]

tary tract, and absorption in blood. For the particulate fraction, dose coefficients
vary with the dissolution rate of the deposited particulate species in the lung fluids:
reference absorption types fast, moderate, or slow (F, M, S) are considered by the
ICRP. Type F (rapid and complete absorption) is recommended by default for *'1
when no specific information is available for members of the public [25]. The frac-
tion of an ingested activity that is absorbed into blood is quantified according to f;
values; 1 corresponding to complete absorption is recommended for ingested
iodine.
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Inhalation dose coefficients for aerosols also differ according to the aerosol size
due to differential deposition in the airways. For workers, an AMAD of 5 pm is
commonly assumed while the default value for the public is 1 pm. The ICRP pro-
vides dose coefficients according to aerosol sizes in the range of nm to about 10 pm
(Fig. 15.2). The dose coefficient variation is about a factor of 3. Assuming a case for
which the P*'I fraction is supported only by fine aerosols (i.e., typically <0.01 pm),
as occurs when gaseous species nucleate or condensate to form nanoparticles, will
result in a 2.2 times increase in the inhalation dose from aerosol-bound '*'I species
compared to the 1 pm aerosol reference size usually considered for members of the
public.

In addition, inhalation dose is age-dependent. Table 15.2 gives the dose coeffi-
cients for an adult only and Table 15.3 the change in thyroid equivalent dose coef-
ficients with age. The radio-sensitivity of the thyroid gland is especially high for
children; among them babies (age <1 year) represent the highest-risk population,
while several studies, including that of the survivors of the atomic bombings, have
detected no increase in relation to exposures received after the age of 20 years. More
detailed information can be found in the ICRP 68 or in its updated version ICRP
137, for workers (occupational intake) and in the ICRP 71 for members of the pub-
lic (ICRP 68 and ICRP 71 are based on the same bio-kinetic models).

Note that the dose coefficient for '*I is higher than for *'T whatever the species
as a result of the five times higher dose coefficient per unit of uptake for '*°I than for
BI. A material is assigned to Type F when the deposited materials are readily
absorbed into blood from the respiratory tract. Type M is assumed for deposited
particulate forms that have intermediate rates of absorption into blood from the
respiratory tract, as may be the case of iodine trapped in irradiated fuel fragments.
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Fig. 15.2 Change in the thyroid equivalent dose coefficients for inhalation of '*'I, as a function of
the aerosol diameter. After: [29]
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Table 15.3 Thyroid equivalent dose coefficients (Sv Bq~') for inhalation of *'T according to the
age at exposure [30]

Age
Iodine species 3 months |1 year |5years |10years |15years |Adult
L, (gas) 3.3E-6 32E-6 |1.9E-6 |9.5E-7 6.2E-7 3.9E-7
CH;l (gas) 2.6E-6 2.5E-6 |1.5E-6 |7.4E-7 4.8E-7 3.1E-7
AMAD 1 pm (aerosol type F) | 1.4E-6 14E-6 |7.3E-7 |3.7E-7 2.2E-7 1.5E-7

Fig. 15.3 In vivo measurement of '*'T activity in the thyroid at IRSN (© IRSN)

A material is assigned to Type S if deposited materials are relatively insoluble in the
respiratory tract. In practice, and according to the EU directive 96-29 [31], aerosol-
bound iodine isotopes are assigned to absorption type F. After a substantial release
of radioiodine in the environment, the most realistic dose assessment for exposed
individuals will be based on in vivo measurement of thyroid retention (Fig. 15.3),
regardless of the physico-chemical form of incorporated iodine and takes into
account the actual thyroidal uptake of the measured person.

Neglecting the Gaseous form of '3'T in Prospective Dose Assessment Leads to an
Inhalation Thyroid Dose Underestimation Assuming that the airborne '*'I activ-
ity level deduced from aerosol filter measurements corresponds to the total atmo-
spheric iodine content would result in an underestimation of the inhalation dose by
a factor of 6.4 (for an adult and aerosol type F of 1 pm). This clearly shows that the
gaseous fraction of iodine, although more tedious to monitor compared with the
particulate fraction, cannot be omitted and requires assumptions on the speciation
or at least fractionation of iodine between gaseous and particulate species. When
prospectively evaluating the potential dose to the population from exposure to a
radioactive plume of a given activity level, and assuming an average '*'I speciation
of 30% in particulate form (AMAD 1 pm, absorption Type F), 35% for organic and
35% for inorganic ' gaseous species, and ICRP inhalation dose coefficients for an
adult will lead to about twice as much higher dose estimate than for the consider-
ation of the particulate form only. In the absence of information regarding the gas/
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particle fractionation, it is therefore recommended to assume 50% particulate and
50% gas in the occupational intakes of radionuclides series published by the
International Commission on Radiological Protection [28]. Regarding the gaseous
speciation, when it is not possible to distinguish inorganic and organic species, the
ICRP [28] recommends adoption of the deposition rate for elemental iodine. Based
on half-lives and inhalation dose coefficients associated to the various iodine iso-
topes, those to which attention should be paid first during a nuclear reactor accident
are *'T, 132[, and '3, as well as the precursor of ', i.e., *°Te. Indeed, more accurate
estimates of radioiodine health impact should also consider decay of tellurium iso-
topes, especially for inhalation dose assessment in the first few days after a nuclear
accident release. Tellurium isotopes present in the releases or in the environment
will give the following radioiodine: '*I by filiation of '*™Te (T,,, = 33.6 days) and
2Te (Ty, = 69.6 min), BT by filiation of ""Te (T,, = 30.0 h) and "“'Te
(T, = 25.0 min), *2I by filiation of ?Te (T, = 3.2 days; Y = 228.2 keV with
88.2% abundance), '*)I by filiation of '¥"Te (T, = 554 min) and '**Te
(T, = 12.5 min), and '**1 by filiation of '*Te (T, = 41.8 min). As for radioiodine
with a short half-life of tens of minutes, other tellurium-induced radioiodine iso-
topes have a too short half-life and can therefore be neglected, since it takes usually
several hours after the start of the accident when releases start. Exposures to gas or
vapor forms of tellurium are relatively unusual compared with exposures to particu-
late forms in the environment. From aircraft samplings performed at short distance
over the block IV of the Chernobyl NPP, Borisov et al. cited in [32] reported that the
gaseous '*?Te component varied only 1-8%. It is therefore recommended to con-
sider a particulate form of M-type for tellurium in the absence of specific informa-
tion [33]. Once inhaled, a part of 1**Te (T,,, = 3.2 days) will deposit in the respiratory
tract where it will decay to give *’. The contribution to the thyroid dose from the
inhalation of '¥Te is substantially higher (by a factor >10) than that from the intake
of the same activity of '¥I, which is in radioactive equilibrium with **Te in air [34].
In practice, it means that the inhalation dose contribution from direct intake of ¥’
can be neglected compared with '*’I induced by the intake of **Te and despite its
screening in the respiratory tract. Regarding the Chernobyl accident, Balonov et al.
[35] estimated the contribution of '¥I to the thyroid doses as being about 30% for
person who did not use stable iodine prophylaxis and about 50% for persons who
took KI pills on 26-27 April. Regarding the Fukushima accident, Shinkarev et al.
[34] demonstrated that on March 12, 2011, the contribution of short-lived radioio-
dine ("**T and '* induced by the intake and radioactive decay of **Te) to the thyroid
dose from inhalation of the plume might be as great as 30-40% of the dose from 1,
while it could have reached about 10% on March 15, i.e., the day of the main
releases. However, the dose from '*I was not considered in the thyroid dose estima-
tion from radioiodine due to the lack of information [36]. In addition to *'I, 3*Te,
and '*7I, other short-lived iodine isotopes (**I, 1*°I, 13°T) can be considered to refine
inhalation dose assessment, but this requires prompt measurements. Globally, the
contribution of the inhalation exposure pathway to the thyroid dose may be dominant
during the first few weeks after the beginning of the releases and as far as the appli-
cation of dietary consumption restrictions, especially for fresh milk and vegetables,
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is ensured. No significant health effect is expected for '*I, on account of much
lower levels of activity, long radioactive half-life, and rapid biological half-life.

15.4 Management of Nuclear Emergency Situations
with Regard to Radioiodine

An effective decision-making process is required in the emergency phase of nuclear
events. When a release of radioactive material occurs or is about to happen, prompt
protective actions can avoid or mitigate the potential consequences. These actions
can be decided and set up preventively in the perspective of a possible future release,
or in response to an ongoing release and combine sheltering, administration of stable
iodine tablets, evacuation if necessary, and later possible restrictions on foodstuff
consumption. In any case, a specific evaluation would be necessary in order to pro-
pose protective actions to set up correspondingly to the situation, to the public
authorities. For radioactive iodine impact due to the passage of the plume, one has to
evaluate the corresponding projected thyroid dose. This protection strategy is driven
by comparing those projected doses to the corresponding action guide level (50 mSv
as for instance in France, Germany, and many other countries). Transboundary har-
monization on reference levels is not yet fully operational. Nevertheless, in Europe,
the Herca-Wenra approach proposes that in the very early stages of the crisis, if the
analysis of the situation is shared, the bordering countries align themselves with the
decisions taken by the country where the accident occurs [37, 38].

From a general point of view, there are several factors that influence the assess-
ment of the radioiodine-induced inhalation dose during an atmospheric release:

— Magnitude of the release, physico-chemical forms of iodine (gaseous inorganic,
gaseous organic, aerosol), granulometry of aerosol-bound iodine species;

— Dispersion conditions such as height of the release, meteorological conditions
(wind speed, direction, atmospheric stability, boundary layer thickness, presence
of rain, fog, etc.), local topography (rural, urban, etc.) and depletion processes
(dry deposition, wet scavenging etc.);

— Exposure scenario of individuals such as time of exposure, breathing rate, pos-
sible indoor protection factor;

— Biokinetics of the incorporated materials, which depend on factors related to the
age and gender (see previous section).

The remaining parameters and the modelings have to be chosen by experts per-
forming dose assessments. Due to major unknowns in number of the parameters and
modeling simplifications, especially in the acute phase of the emergency, the pro-
jected dose assessment is subject to a significant uncertainty level. In general, a
balance is made between model complexity and timely response. Emergency
response employs substantial simplifying assumptions that make the evaluation of
the consequences become tractable and available rapidly:
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Generally, a Gaussian dispersion modeling is used, with constant and uniform
deposition velocities, sometimes with uniform wind speed and direction; gas-
eous and particulate iodines are generally associated with different dry or wet
deposition velocities;

Representative persons are considered: it consist of a virtual individual, with
constant breathing rate, with no benefit of any protection factor during the whole
time period of exposure. This fictitious individual is sometimes supposed to
remain located at different distances downwind on the plume centerline, where
the air-activity concentrations are the highest. For reactor accidents, a 1-2 years
old child is the ICRP age category for which the calculated dose is the highest.

Emergency planning ensures the availability of potassium stable iodine (KI) tab-
lets by a pre-distribution performed in the near to medium fields around a nuclear
power plant. In France, this distance is set to 20 km. Their administration must be
organized as soon as possible in the case of a nuclear accident involving significant
radioiodine releases to the atmosphere, to saturate the thyroid and protect it from
exposure to radioiodine [39]. Administration is recommended when the thyroid
equivalent dose is expected to be higher than 50 mSv. This procedure is comple-
mentary to others protective actions such as population sheltering or evacuation.
The efficiency of the protection is at its highest when KI tablets are administrated at
the time of radioiodine intake and therefore distributed at the start of the accident
releases or even better by anticipation; ideally 2 h before inhalation of contaminated
air (Table 15.4). ICRP recommends a biological half-life of iodine of 80 days, how-
ever a more recent empirical study suggested a biological half-life as short as
66 + 6 days [41]. From Eq. 15.1, an effective half-life of iodine in the human body
(for adults with intact thyroid function) of about 7 days can be deduced (7 being
the effective half-life, Ti;, the biological half-life, and 7}, the physical half-life).

Table 15.4 KI prophylaxis efficiency for different periods between ingestion of KI tablets and
intake of radioiodine, after: [40]

Period between administration of KI and intake of | Thyroid cover | Factor of exposure
radioiodine (%) reduction
4 days before 5 1.1

3 days before 32 1.5

2 days before 75 4

1 day before 93 14

0 day 97 33

2 h after 80 (65:) 5

8 h after 40 (15%) 1.7

16 h after 17 1.2

1 day after 7 1.1

Values are for an area with no iodine deficiency (i.e.,
lowed by s are for areas with iodine deficiency

normal iodine dietary supply). Values fol-
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1 1.1 (15.1)
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However, the efficiency of the KI tablets is about 1 day after ingestion
(Fig. 15.4). The following populations are targeted for priority KI tablet adminis-
tration since they are at highest risk for negative health effects to the thyroid from
radioiodine: newborns (< 1 month), infants (1 month-3 years), children
(3—12 years), adolescents (12—18 years), pregnant and breastfeeding women [40].
Considering KI tablets of 65 mg (equivalent to 50 mg of I), the dosages are as fol-
lows: newborns: Y4 of a KI tablet, dissolved in a liquid; infants: ¥2 of a KI tablet
dissolved in a liquid; children: one tablet; and from 12 years including pregnant
women up to 40 years: two KI tablets. In the event of prolonged or repeated expo-
sure by inhalation, public health authorities may advise taking KI tablets more
than once. Under such circumstances, neonates (<1 month) and pregnant or breast-
feeding women should not be given repeated doses of KI and other protective
actions should be considered such as early evacuation, for these particular groups
[42]. The administration of iodine would concern in all cases only the emergency
and short-term phases. Indeed, if the iodine levels are still too high beyond a few
weeks, it also means that the area is very contaminated and that for reasons of
external dose, evacuation is advised.

Beside sanitary preoccupations, the management of nuclear emergency situ-
ations integrates the communication to mass media. The omission of the gas-
eous component could be publicly perceived as a deliberate intention to
minimize the situation as far as the gaseous predominance will be reminded,
and even if levels of activities are of no concern for public health. A mistrust
feeling may spread leading to undermine confidence in governmental and expert
institutions [43].

Fig. 15.4 Efficacy of KI % of thyroid cover
as a function of the period
between administration

and "'T intake. After: [40]

-4 -3 -2 -1 0 1

Period between Kl administration
and 13"l intake (days)
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15.5 Anthropogenic Releases and Discharges

Anthropogenic releases and routine discharges of radioiodine in the environment
can be categorized in five main sources, namely (1) nuclear weapon tests, (2) nuclear
reactor accidents, (3) routine discharges from radiopharmaceutical production' and
use in nuclear medicine, (4) routine discharges' from the nuclear fuel reprocessing
industry, and (5) routine discharges' from the nuclear power production industry.

15.5.1 Nuclear Weapon Tests (NWT)

First large-scale radioiodine emissions occurred during the nuclear weapons testing
era (1945-1980). In total, it is estimated that 0.28-0.98-10'> Bq (or TBq) of '*I and
about 6.7-7.8 and even 12.2-10° PBq [44] (1 PBq = 10" Bq) of "*'I were released by
ca. 530-543 NWT (depending on accounting methods) performed in the atmosphere
[45, 46] and at ground-level [47, 48]. An approximate rate of 0.17 and 0.28 g of %I
per kiloton TNT equivalent is produced by a nuclear detonation [2], from fission of
25U and »*°Pu, respectively. The total yield of atmospheric nuclear weapons tested is
about 440 megatons (Mt) among which ca. 182 Mt. came from fission [48]. Globally,
the fraction of radionuclides injected by atmospheric detonations into the troposphere
quotes about 5% only, the rest into the stratosphere where the residence time of aero-
sol-bound radionuclides has been estimated 1-2 years. This duration is long enough
to allow for a complete decay of '*'I before reaching lower tropospheric layers.
However, the remaining 5% in the troposphere is of significance for the deposition of
short-lived radionuclides such as '*'I. This percentage is also closely linked to the
bomb yield and latitude because the tropopause height varies with latitude. In the case
of a 1 Mt detonation in equatorial region, the percentage of radionuclides released in
the troposphere will rise to 65%. Iodine-131 was the most important isotope in fallout
with regard to health impact, as demonstrated for instance in the surroundings of the
Nevada Test Site (NTS) with an excess risk in thyroid cancers in the US [49].
However, on a global scale, the contribution of 13T to the total effective dose equiva-
lent commitment to the world’s population from atmospheric nuclear testing has been
estimated in the range 1.4-3.8%, far below the contribution of “C (70%) [47, 50].
Among radioiodine, only °I from this period is still present in the environment.

15.5.2 Nuclear Reactor Accidents

In the case of a nuclear reactor accident, radioactive iodine isotopes account for the
second largest fraction of emissions, second only to xenon isotopes. In addition,
radioiodines belong to the most hazardous class of radionuclides that are released,

'Incident releases can be integrated in these categories.
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and are responsible for 80-90% of the dose received in the first hours after the start
of the accident, primarily due to inhalation of '*'I contaminated air (i.e., during the
initial emergency situation, and before taking into consideration ingestion of con-
taminated food). While the dose contribution through contaminated food was sig-
nificant after Chernobyl, it has been suggested that inhalation was more significant
than ingestion in the Fukushima case [51]. Radioiodine and radiotellurium isotopes
(see previous section) to be considered in such scenarios have half-lives typically
ranging between hours and about 10 days (see Table 15.1). For a loss-of-coolant
accident (LOCA), the radioiodine released, as ranked by decreasing order, are: 1,
133, 1351, 1321 and to a lesser extent 31, 121, 1°I, and '*°I. The speciation of the iodine
species present in the containment (before release in the environment) may differ
depending on the accident conditions. Gaseous iodine can be released and aerosols
iodine can be also produced by reaction between gaseous iodine and other species
such as fission products (Cs, Cd, Ag etc.) or ozone or other air radiolysis products
[52]. Various techniques (filtration, adsorption) are deployed including wet purifica-
tion step to retain the different iodine-containing species, but gaseous CH;I, unlike
L,, is not significantly absorbed by a liquid phase and requires dedicated filtration
steps.

At Windscale Works, Sellafield (U.K.), the graphite-moderated reactor (pile 1)
using a gas coolant was operating for the production of plutonium and other materi-
als for the UK weapon program, when it experienced a graphite fire in 1957. The
fire caused the release of 0.74-1.8 PBq "I in the environment (Table 15.5). The
damaged (1979) unit 2 of the Three Mile Island (TMI, USA) NPP was a pressurized
water reactor (PWR). Despite melting of the fuel, the reactor vessel maintained its
integrity, and the damaged fuel was retained inside [69] thus limiting the release
into the environment. The unit 4 at the Chernobyl NPP was a graphite-moderated
power reactor with pressure channels (RBMK) and the Fukushima Daiichi reactors
(units 1, 2, 3, and 4) were BWRs. The Chernobyl and Fukushima accidents were
associated with significant core meltdowns, steam or hydrogen explosions, and par-
tial or total loss of the confinement. They were responsible for the highest amounts
of radioactive iodine released to the environment (Table 15.5). Estimates of '*°I
releases during Windscale and TMI accidents are difficult since the '*I generated
signal was blurred or encompassed in the global fallout signal [70]. In the case of
the Windscale accident, the available activity of '*I was only about 1.5-10~% times
that of 3'I. Health consequences were undoubtedly established for the young popu-
lation exposed to '*'T after the Chernobyl accident. The main radionuclides investi-
gated in Europe were Mo, '®Ru, '%Ru, ""mAg, 15Sb, 12Te, 132Te, 3], 134Cs, ¥7Cs,
19Ba, *1Ce, and '*“*Ce. Other radionuclides (*°Co, ®Ni, *Sr, Nb, *Zr, "*15Eu,
238239.240241py 2 Am, and *****2%Cm) were also observed in Poland for instance
(see Chaps. 1 and 2).

The major released radionuclides from the Fukushima accident were '**Te
(T, = 3.2 days), *'Te (T, = 24.8 min) and their respective progeny *’ and "I, as
well as 3Cs (T, = 2.06 years) and '¥’Cs (T, = 30 years). In its source term assess-
ment, the French Institute for Radiological Protection and Nuclear Safety (IRSN)
retains the following decreasing importance of released radioiodine (in Bq): 1,
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Table 15.5 Radioiodine amount released during major nuclear accidents
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13]I

Location, start date, | Activity range and equivalent | Others iodine % of the core
and INES level mass (g) isotopes inventory Ref.
Kyshtym 29/09/1957 | 1-10 PBq Unknown N/A [53,
(6) (0.2-2.0 g) 54]
Windscale 0.74—-1.8 PBq (re-evaluation) | Unknown 12-15 [55,
10/10/1957 (5) (0.15-0.38 g) 56]
Three Mile Island 0.48-0.63 TBq 5-107° [57,
28/03/1979 (5) (0.10-0.13 g) 58]
Chernobyl 1760 PBq 21: 1150 PBq | 20-57 [59]
26/04/1986 (7) (380 g) from 3°Te

131: 910 PBq

134: 25 PBq

131: 250 PBq

]291:

8.5-40 GBq
Fukushima 90-500 PBq but most often | '*’I: 7-60 GBq [2,
11/03/2011 (7) 100-200 PBq (2142 g) 1331: 42 PBq 60—

12T 8 GBq 68]

(7.0-11.6)

132Te: 60 PBq

132, 1331, 1357 130 134 132m 1291 " and 1281, for a total amount of 182 PBq. After the
Fukushima accident, a cocktail of radionuclides was detectable in Japan among
them '*"Te, 132Te, 1291, B, 132[, 133], 134Cs, 136Cs, ¥'Cs (see [71] for a more complete
list). Cesium isotopes (134 and 137), particulate and gaseous "*'T were detectable
worldwide. At a limited number of European locations equipped with high-volume
aerosol samplers and low-level gamma-ray spectrometry, it was also possible to find
in addition '**Te and '3I [72], '®Te, '**"Te, and ultra-traces of '*°Cs [73] and '“La
[74-76].

The immediate aftermath of the Fukushima accident has not yet been fully clari-
fied because no systematic data on exposures of the general public to short-lived
radionuclides, especially I, were available soon after the releases [36]. Indeed, no
fission products could be monitored during 12 days because of blackout of power
supply; only dose rates were measured [77]. The lack of information on ambient '3
concentrations in the early stage of an accident can later be partly filled, step by step,
but requires strong assumptions on the relationship between *'I and other radionu-
clides having longer half-lives and on their deposition conditions, once deposited on
soil or integrated into the biomass. Among them, '?°I is the most interesting since, as
an iodine isotope, it is assumed to behave similarly [78] to '*'T and its long half-life
makes it possible to investigate retrospective evaluation of '3'T deposition density
and 'T external exposure, long after the accident [79, 80] and even if the uncertainty
in the '21/**'I ratio may reach 20% [81] to 30% [82]. Nevertheless, it has to be con-
sidered that the '*°T background may not be equal to zero when subtracting the pre-
accident concentrations, because of I from global fallout and '*°I fallout from a
reprocessing plant (RP), at local or regional scales. The inverse reconstruction of the
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BIT airborne activities and inhalation dose to the thyroid from ' deposition may
thus be highly uncertain because of additional assumptions on deposition mecha-
nisms. Finally, taking advantage of the affinity of the thyroid gland with iodine, the
internal dose from radioiodine, whether inhaled or ingested, is generally evaluated
subsequently by in vivo counting methods [83] (thyroid monitoring [84] or whole-
body counting) but the drawback is that no distinction between intake from inhala-
tion or from ingestion can be done without additional hypothesis. The knowledge of
the iodine concentrations in the air if not in real-time at least within a short delay
after sampling is therefore a strong tool for emergency situation management.

15.5.3 Routine Discharges
15.5.3.1 Radiopharmaceutical Production

Medical isotope production facilities (MIPFs) have the highest '*'T release authori-
zations (up to 780 and even 1600 GBq years™ for the two most important ones
located in Europe). The most widely produced radioiodine is '*’I for radio-immuno-
analysis, therapy and diagnostic; and "'T for radiotherapy and diagnosis applica-
tions. Medical isotopes facilities also produce '’I in large quantities, '>’T and '**I for
medical imaging and diagnosis. Up-to-date and detailed information on iodine iso-
topes for medical purpose can be found in [17]. To cope with an increasing demand
of radiopharmaceuticals, the production has raised and is expected to grow [85, 86].
Consequently and despite various abatement techniques [85], the number of '3'T
detections in the atmosphere close to production units is also increasing [87]. The
January—February 2017 European-scale *'T detection event ensued from a combina-
tion of routine releases from the main European MIPFs and poor atmospheric dis-
persion conditions [88].

15.5.3.2 Nuclear Medicine Hospitals

Todine-131 is a frequently used radionuclide in nuclear medicine with therapeutic
(rather than diagnostic) applications. The activity of 'T involved in diagnosis
ranges 0.19-3.7 MBq, while it can reach 1.8-9.2 GBq per treatment for a thyroid
cancer. A standard amount of '»I administered for diagnosis is 110-220 MBq and
will result in an effective dose of 0.5-2.2 mSv, which is close to the average annual
natural exposure [17]. One day after the administration of a '*'T capsule (Nal) for
therapeutic purpose, a patient still exhales "*'T, mainly (94% to almost 100%) in
organically bound form [89, 90]. Depending on the diagnostic or therapeutic pur-
pose of the treatment, a patient will stay 1-3 days at the hospital before leaving. The
first case corresponds to an ambulatory stay for which about 70% of the adminis-
trated "*'T activity will be excreted in the municipal sewerage system once the patient
returns home and taking into account the radioactive decay. In the second case
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(therapeutic), the percentage of iodine entering the sewerage system is usually
insignificant if the nuclear-medicine hospital is (as it is usually the case) equipped
with septic tanks in which urines from lavatories are distinctly collected and stored
for *'T decay up to 3 months before discharge to municipal sewerage. Regarding
excretion, more than 90% of iodine loss from the body is due to renal clearance of
iodide [28]. However, part of urines may be directly released in the hospital showers
and thus may escape without significant decay before leaving the hospital. Excretion
through feces is about 10-12% that of urinary excretion, but feces are usually
drained out directly without storage and significant decay as for urines because of
the nosocomial hazard that has to be avoided within the hospital premises [88].
Depending on the treatment, almost all the administrated iodine will finally be evac-
uated from the body within at least a week with an effective half-life of a dozen
hours for a carcinoma thyroid, to more than 100 h for patients suffering from hyper-
thyroidism [91, 92].

15.5.3.3 Sewage, Waste Water Treatment Plants, and Sludge Incinerators

The patient-to-sewage pathway either from hospitals or from home may thus repre-
sents a widespread source of '*'I to the environment at many locations. Finally, tak-
ing account of the activity of urines that escape to the decay tank and that of feces
excretion, an estimate of about 20% can be retained for the activity that will be
released in the municipal sewer system for patients treated for therapeutic purposes.
In addition, excreta may be exempt from regulations that address disposal of radio-
activity into municipal sewerage. Wastewater treatment plants (WWTP) settled in
watershed area equipped with nuclear-medicine hospitals will thus receive a part of
BIT excreted by patients through hospital effluent or from domestic effluents, once
returned at home. Iodine-131 entering the WWTP will be covalently bound to
organic matter, a reaction that is essentially irreversible [93]. According to Kitto
et al. [94], water treatment process and chemical forms (e.g., organic or inorganic)
of BT in the waste influence the ability of the isotope to concentrate in the sludge.
The authors confirm that most '*'T emission to the atmosphere from a WWTP came
originally from excreta entering the plant, then concentrated in dried sludge and
finally burned in the WWTP incinerator. According to Hormann and Fischer [95],
20% at most of the T inflow activity is retained in the sludge. However, the real
amount of remaining *'I greatly depends on the internal structure of the WWTP and
time spent by the sludge in the circulation processes prior to their incineration or
further treatments, which make it possible for radioactive decay [96]. Other synthe-
ses have reported a "' retention in sludge ranging 2% to about 20% [97, 98].
Incineration of dried sewage sludge inside WWTP is increasingly applied and
encouraged to reduce their transportation cost outside from the plant, to increase the
yield of sludge driers or for heating of the premises. Despite the physical decrease
of *'T during its residence time inside the plant plus filtration and scrubbing systems
to clean the fumes before discharge, WWTP incinerators are prospective "*'I re-
emission source to the atmosphere. Typical atmospheric '*'T emission is about 1%
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of the amount entering the plant as wastewater [99] and typical airborne '*'T activity
of several mBq m~ at 300 m from a WWTP incinerator were observed [100].
Typical daily emissions of gaseous *'I have been estimated between 15 and 60 kBq
[94] from such facilities but are of no concern for public health. They are worth
mentioning however, since they can explain the detection of '*'I in the atmosphere
close to medical facilities/hospitals or WWTPs.

15.5.3.4 Reprocessing Plants (RPs)

Nuclear fission of U and ***Pu produces '*I and "*'T among other radionuclides. At
the end of a 4-year activity, the core of a PWR 1300 MW reactor contains about
400 PBq of *'T and 75 GBq of '’I. According to the time spent between de-fueling
and reprocessing (about 8—10 years), all *'T has totally disappeared by radioactive
decay, whereas '®I is almost entirely present during reprocessing operation. This
iodine isotope remains stored in the fuel pellets until the dissolution and solvent
extraction steps involved in the reprocessing of spent nuclear fuel which leads to the
release of significant amounts of '*I. Despite trapping and filtration of the fumes, a
small proportion (ca. 1%) of I is emitted to the atmosphere. Main RPs currently
in operation are located in La Hague (France) since 1966, in Mayak (Russian
Federation) since 1948, and in Rokkasho (Japan) [101] since 2000. Other RPs have
ceased operation, such as in the USA: West Valley since 1980, Hanford (1944—
1988), Savannah River (1954-1989); in Europe: Sellafield (UK, 1951-ended
November 2018 for the Thermal Oxide Reprocessing Plant—THORP), Marcoule
(France, 1959-1997), Karlsruhe (Germany, 1970-1990); Tokai-mura (Japan, 1977—
2006); Seversk and Zheleznogorsk (Russian Federation, 1956 and 1964—1995).
Other plants are likely to be still in operation at the Mayak industrial complex, and
in India (Trombay, Tarapur, and Kalpakkam). Detailed estimated amounts of '*I
released to the atmosphere are summarized in [102] and in [103]. Due to its long
half-life, '°I accumulates in the environment including atmosphere, hydrosphere,
and biosphere and will continue to accumulate. The estimate of the naturally pro-
duced "I amount is ca. 250 kg, while the input from anthropogenic activities can be
evaluated to more than 6500 kg [2], among which 99% originates from reprocessing
activities [104]. It has been assumed by [102] that the average atmospheric '*I
releases from the Savannah River facilities was at 58% in a gaseous form. By 2012,
the reprocessing plant in La Hague had discharged 4677 kg '*I into the English
Channel and 77 kg (~2%) of *°I into the atmosphere, in addition to the 1634 kg '*I
into the Irish Sea and 197 kg (~12%) into the atmosphere from the Sellafield
RP. Yearly 'I atmospheric release authorizations for La Hague and Sellafield RPs
are 18 GBq years™ and 70 GBq years™!, respectively. Actual releases represent
about 30-34% for la Hague [105] and 14% for Sellafield, of those authorizations. In
addition, the "'T release of Sellafield was about 1.2% of the yearly authorization
(37 GBq years™") [106]. Despite of a higher amount of *’I released by the Fukushima
accident ("°I/'3'T ratio isotopic ratio = 31.6 = 8.9, as of March 15, 2011) [82], it was
impossible to discern the Fukushima-derived '*°I, while 3T was easily detectable in
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Europe after the arrival of the contaminated air masses [107]. This was due to the
1T background originating from European RP discharges [108, 109]. Today most
129, if not directly deposited on or discharged to the ocean, has migrated in the
marine environment. At a more or less local scale, '*I can also be found in the ter-
restrial environment close to reprocessing facilities or waste disposal repositories.
Based on stable iodine distribution in soils, it is apparent that soil-iodine enrichment
is limited to about 100—120 km from coastal areas. It can be hypothesized that the
same impact can be found for I [110].

15.5.3.5 Nuclear Power Plants (NPPs)

In comparison with fuel reprocessing, the nuclear energy industry has much limited
authorizations and much lower actual radioiodine discharges to the atmosphere
since most iodine remains basically trapped in the fuel rods. Despite the various
techniques used to purify the fumes, residual radioiodine activities are released to
the atmosphere (about 15 iodine isotopes but mainly *'T and '*I). However, no sig-
nificant increase in the I by AMS measurement technique and no detection of *'I
activity in the surroundings of NPPs have been reported [111] to our knowledge, in
routine operations. Nedveckaite et al. [112] investigated the reason for thyroid dis-
orders around the Ignalina nuclear power plant and concluded that thyroid disorders
ensued from a stable iodine supply deficiency. Taking the case of the French NPPs
(pressurized water reactor technology) as an example, the yearly authorized release
for radioiodine is 0.4 GBq years™ for each reactor. The average actual discharge for
each reactor is estimated to be ca. 0.016 GBq years™'. This estimate is based on
accountancy rules established in France according to which the detection limits are
considered as being reached even when the measurement result remains below. The
actual discharges are likely to be smaller. Additionally, it is supposed that most '*'I
(CH;l) discharges occur during gaseous trap efficiency tests.

The contribution of routine emissions to the atmosphere from these different
industries or activities (MIPF, NPP, sewage sludge incinerators, etc.) has recently
been investigated on the occasion of the early 2017 European-scale detection event
of airborne ' [88]. The expected contributions of various typical routine releases
to the ambient atmospheric concentration during this detection event were ranked as
follows: MIPF > sewage sludge incinerators > NPP > spontaneous fission of ura-
nium in soil.

Between routine discharges and accident releases, there have been several '3'I
release incidents within or close to authorization limits, in the recent years from
nuclear reactors or MIPFs. Borisov et al. [113] reported the use of combined filter
and charcoal packs for the complex analysis of air nearby the St Petersburg NPP
(probably in March 1992) with 60-70% of total *'I in gaseous form associated with
contamination level of 10* Bq m= [113]. On August 22, 2008, at the Institut des
RadioEléments (IRE) in Fleurus (Belgium), 47 GBq of elemental iodine were
released at once [114], which corresponded to the yearly authorization limit. This
incident was rated 3 on the INES scale (International Nuclear and radiological
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Event Scale), but no airborne '*'T measurement has been reported. In the time inter-
val between September 8 and November 16, 2011, 342 GBq of '*!1, compared to the
1600 GBq yearly authorized, were released from an activation facility at the Institute
of Isotopes Ltd., Hungary [115]. This incident was rated 1 on the INES. It led to
detections in the range of a few to several tens of pBq m™ in Europe, and even in
animal thyroids [84]. Other 3T detections in the pBq m= to tens pBq m= range
occur from time to time as, for example, in April 2010 in Sweden and Germany; in
March 2011 (the week prior to the FINPP accident) in several countries in Europe;
in September to October 2011 as previously indicated; in February 2012 in several
European countries; in December 2013 in Scandinavia; in March and May 2015 in
Sweden, Finland, Norway, Poland, France, Russian Federation; in January—February
2017 and in January—February 2018, in Europe. Figure 15.5 shows the contribution
of various "' source emissions. Iodine-131 induced by the spontaneous fission of
uranium has been added for comparison. Its contribution to ambient airborne activ-
ity is much lower than any other anthropogenic emissions [88] and is out of reach of
conventional HPGe gamma spectrometry detectors. At distance from the various
emission points, only large-scale releases (on the order of magnitude of several tens
GBq) can be detectable by low-level gamma spectrometry combined with high-
volume aerosol sampling. However, close to routine discharge points (MIPFs,
nuclear-medicine hospitals, sewage incinerators), 1 may be detected
occasionally.
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Fig. 15.5 Source apportionment of particulate '*'I in the air over Europe in January/February 2017
based on source term estimates. Taken from [88]. Reprinted with permission from the American
Chemical Society, © 2018
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15.6 Conclusion

The presence of radioiodine in the environment is of major concern for radioprotec-
tion issues for workers and members of the public. Regardless of the iodine isotope
(1, BT, 132]); of the situation (routine release, incident, or accident); and the nuclear
activity (radiopharmaceutical production and use, nuclear energy production,
nuclear reprocessing), an overall dominant iodine gaseous fraction has to be consid-
ered in the global atmosphere at distance from the emission source. The dominancy
of the radioiodine gaseous fraction is about 4-5 times higher compared to the
aerosol-bound fraction. This pattern applies for Three Mile Island, Chernobyl, and
Fukushima Daiichi NPP accidents at more or less long distances from the release
points, i.e., where the concentrations of the different radioactive iodine-containing
species have significantly decreased because of (1) plume dispersion, (2) deposition
mechanisms (dry + wet) involved along the route of the contaminated air masses
and according to different deposition velocities linked to the different iodine-
containing species, (3) photochemical reaction of gaseous iodine with ozone and
NOx leading to oxide particles [8, 116], and (4) the sorption kinetics of gaseous
iodine onto ambient aerosols, to a lesser extent.

Exemptions to this scheme (i.e., a dominant radioiodine particulate fraction) may
temporarily occur when a high amount of aerosol is produced as during explosions
and fires affecting a nuclear reactor or its outer superstructures. At short distances,
the release features and/or accident scenario therefore control the distribution of
radioiodine, and it is difficult to predict from where and when it will return in favor
of the gaseous fraction. This is all more important than at such distances the air-
borne radioiodine activity levels are likely to be a matter of health issues, and the
resulting inhalation dose assessment will be sensitive to the detailed speciation of
iodine between gaseous inorganic and organic species, plus aerosol-bound species.
During explosions and fires, which is typically what happened during the Chernobyl
and Fukushima accident, the amount of particles is likely to enhance the proportion
of aerosol-bound iodine. This is also typically what was observed during atmo-
spheric nuclear weapon detonations. In the Fukushima-Daiichi NPP case, explosion
phases alternated with venting, scrubbing, and leaking phases, which exhibited a
higher gaseous proportion. Methyl iodide (CH;l) and elemental iodine (I,) have
higher dose coefficients than aerosol-bound species since they settle at 70% and
100%, respectively. At a more detailed stage, is thus of primary importance to know
or assess the gaseous chemical speciation (organic and inorganic species) to derive
a realistic dose assessment in the early stage of an accident. Indeed, if the gaseous
fraction remains unmonitored or ignored, the inhalation dose can be underestimated
by a factor of about 6. Recent accident or incident situations involving I releases
show the need to shift to a higher sampling frequency for most accurate source term
estimates and in the case of an undeclared or a priori unknown release, to locate the
source location with less uncertainty.

Among the gaseous species, organic gaseous iodine (CH;I as a representative) is
the dominant 3'T species in the atmosphere after an accident situation while it is
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expected to remain lower than elemental iodine (I,) during a normal operation.
Differences in I, and HOI contributions were noticed depending on the type of acci-
dent (TMI and Chernobyl). In addition to the contribution of iodine-containing spe-
cies to the inhalation dose assessment, it is important to consider the contribution of
12T induced by decay of '**Te which could lead to a 30% underestimation in the
inhalation thyroid dose. Apart from the three main iodine chemical species for which
inhalation dose coefficients have been established, little is known about the *'I in
the form of hypoiodous acid (HOI) in the atmosphere. Moreover, no inhalation dose
coefficient exists for this species. There are some indications of a significant contri-
bution (up to 40%) of HO"'I to the total *'T content in the atmosphere when dealing
with routine discharges and up to 10% during accident releases. Due to the high
photo-dissociation rate of I, it has even been proposed to replace I, by HOI and
IONO, species with regard to inorganic species to be considered [6]. More investi-
gations on routine releases are welcome. By default, the following distribution can
be adopted in the absence of detailed information: 25% for particulate iodine spe-
cies, 25% for gaseous inorganic species, and 50% for gaseous organic species.

Other topics of interest are directly or indirectly linked to the increasing use of
radiopharmaceuticals for the purpose of both diagnostics and treatments of malig-
nant tumors, and the increasing number of patients. The routine radiopharmaceuti-
cal production exhibits by far the highest routine releases, and some recent incidents
in Europe have highlighted this source. At a lesser extent, atmospheric discharges
from waste water treatment plants equipped with incinerators and located on water-
sheds with nuclear-medicine hospitals can be considered as possible source of 3!
emission to the atmosphere, despite cleaning techniques applied to the fumes.
Preliminary investigations have already been carried out in Germany [95], Poland,
and in the USA [94] but remain limited in number. However, their impact in terms
of dose to the residents living nearby is also worth to be assessed.

Despite the Chernobyl and Fukushima accidents, there is still a lack of informa-
tion and sampling capabilities dedicated to the knowledge of iodine in the atmo-
sphere and especially regarding its gaseous component.
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