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Résumé 

Au Canada, il existe très peu de données sur la concentration et la spéciation chimique de l'iode dans 
l'environnement immédiat et éloigné des centrales nucléaires CANDU. Dans le voisinage immédiat des 
réacteurs CANDU, l'isotope 131I (période radioactive courte : im = 8,04 j), produit lors de réactions de 
fission, est habituellement indétectable et ne révèle pas beaucoup d'information sur le cycle de l'iode 
dans l'environnement. Inversement, l'isotope 129I, également produit par fission, possède une longue 
période radioactive (t1/2 = l,57xl07 a). Au cours des 50 dernières années, les réacteurs CANDU n'ont 
pas été les seules sources anthropiques de cet isotope (essais d'armes, retraitement du combustible 
nucléaire). Par conséquent, on a utilisé les concentrations d'iode stable ( I) comme indication 
approximative. 

Dans la présente étude, les Laboratoires de Chalk River (LCR) d'EACL ont élaboré et mis à l'essai un 
système d'échantillonnage permettant de prélever et de mesurer les fractions particulaires et gazeuses 
d'iode stable (I27I) organique et inorganique présent dans l'air et dans les réservoirs organiques et 
inorganiques associés. On a prélevé des échantillons d'air, de végétation et de terre aux LCR de même 
qu'à la centrale nucléaire CANDU Darlington, à celle de Pickering (OPG), en Ontario, et à celle de 
Pointe Lepreau (Énergie NB), au Nouveau-Brunswick. Les concentrations atmosphériques d'iode 
particulate et inorganique aux LCR étaient extrêmement faibles et même souvent non mesurables. On 
pense que cela s'explique par deux faits : d'abord, les sédiments dans la région des LCR sont de nature 
fluvio-glaciaire et ils sont exempts d'espèces ioniques marines; ensuite, les conditions atmosphériques au 
point d'échantillonnage sont très humides. Les concentrations d'une espèce organique gazeuse étaient 
semblables à celles que l'on retrouve ailleurs sur la planète. Les concentrations d'iode atmosphérique 
particulate et inorganique étaient également faibles à la centrale Darlington et à celle de Pickering, ce 
qui peut être dû à des effets de réservoir causés par les grands lacs d'eau douce du sud de l'Ontario, qui 
sont susceptibles de réduire les concentrations d'iode atmosphérique. Tel que prévu, les concentrations 
d'iode particulate, inorganique et organique dans l'air autour de la centrale de Pointe Lepreau, un site 
situé près de l'océan, étaient élevées. On a mesuré les concentrations d'iode stable dans plusieurs types 
de végétation (1-267 ng/g de masse humide) de même que dans la terre (1 871-16 008 ng/g de masse 
humide) et dans le lait (221-293 ng/g de masse humide). A partir de ces données, on a calculé les 
facteurs de transfert air-terre-végétation-lait pour les points d'échantillonnage des centrales CANDU du 
Canada. 
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Abstract 

In Canada, very little data is available regarding the concentrations and chemical speciation of iodine in 
the environment proximal and distal to CANDU® Nuclear Power Generating Stations (NPGS). In the 
immediate vicinity of CANDU reactors, the short-lived iodine isotope 131I (ti/2= 8.04 d), which is 
produced from fission reactions, is generally below detection and yields little information about the 
environmental cycling of iodine. Conversely, the fission product 129I has a long half-life 
(ti/2= 1.57xl07 y) and has had other anthropogenic inputs (weapons testing, nuclear fuel reprocessing) 
other than CANDU over the past 50 years. As a result, the concentrations of stable iodine (127I) have 
been used as a proxy. 

In this study, a sampling system was developed and tested at AECL's Chalk River Laboratories (CRL) to 
collect and measure the particulate and gaseous inorganic and organic fractions of stable iodine (127I) in 
air and associated organic and inorganic reservoirs. Air, vegetation and soil samples were collected at 
CRL, and at Canadian CANDU Nuclear Power Generating Stations (NPGS) at OPG's (Ontario Power 
Generation) Pickering (PNGS) and Darlington NPGS (DNGS) in Ontario, as well as at NB Power's 
Pt. Lepreau NPGS in New Brunswick. The concentrations of particulate and inorganic iodine in air at 
CRL were extremely low, and were often found to be below detection. The concentrations are believed 
to be at this level because the sediments in the CRL area are glacial fluvial and devoid of marine ionic 
species, and the local atmospheric conditions at the sampling site are very humid. Concentrations of a 
gaseous organic species were comparable to worldwide levels. The concentrations of particulate and 
inorganic iodine in air were also found to be low at PNGS and DNGS, which may be attributed to 
reservoir effects of the large freshwater lakes in southern Ontario, which might serve to dilute the 
atmospheric iodine concentrations. The concentrations of particulate, inorganic and organic iodine in air 
at Pt. Lepreau NPGS, which is a Canadian oceanic site, were high as expected. Stable iodine 
concentrations were measured in a variety of vegetation (1 - 267 ng/g wet weight) as well as in soil 
(1871 - 16008 ng/g) and milk (221 - 293 ng/g wet weight). From this data, transfer factors for air-soil-
vegetation-milk have been calculated at the Canadian CANDU sampling sites. 
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1. INTRODUCTION 

Iodine is an essential trace element for humans and animals. The chemical species of iodine in 
the atmosphere have been characterized as particulate, inorganic (HI, IO3/IO4, HIO3/HIO4) and 
organic (CH3I) (Rahn et al., 1976; Kocher, 1981; Cicerone, 1981; Yoshida and Muramatsu, 
1995). The rate at which iodine in the atmosphere is transferred to plants and soil depends 
strongly on the chemical form of iodine. For instance, the deposition rate for elemental iodine 
(I2) is 200 to 104 times greater than for organo-iodines and five times greater than for particulate 
iodine (Noguchi and Murata, 1988). 

Nuclear power generation plants and nuclear fuel-reprocessing installations emit small amounts 
of radioiodine isotopes (1291,131I) which can be found in varied organic and inorganic reservoirs 
over large distances (Dreicer and Klusek, 1988; Noguchi and Murata, 1988; Hauschild and 
Aumann, 1989; Robens et al., 1989; Smith and Ellis, 1990; Raisbeck et al., 1995; Moran et al., 
1999; Rao and Fehn, 1999). Within the nuclear fuel cycle, there are two fission isotopes of 
radioiodine of concern, namely 129I (ti/2 = 1.57xl07 y) and 131I (t1/2 = 8.04 d). The specific 
activity of iodine-129 released in nuclear fuel reprocessing operations (Kershaw et al., 1999; Rao 
and Fehn, 1999) is significantly smaller than 131I, although due to its longer half-life, 129I remains 
in the environment for considerably longer time periods. Studies have shown that radioiodine 
accidentally released from a nuclear power generation plant is relatively quickly sequestered into 
the natural, ambient iodine reservoirs in the atmosphere and biosphere (Gabier, 1993). Human 
exposure routes for this radioiodine are considered to be via the air-vegetation-livestock-milk 
pathway (Ahier and Tracy, 1995). Several studies have investigated the speciation of radioiodine 
in the vicinity of nuclear installations and indicate that they are variable and may depend upon 
the type of facility. For instance, data from PWR's (Pressurized Water Reactor) indicate that 
radioiodine (131I) had an elemental/organic iodine ratio of 7/3 (Deuber and Wilhelm, 1978), 
whereas at fuel reprocessing plants in Germany (Wershofen and Aumann, 1989) and Sellafield, 
U.K. (Birch et al., 1994) the majority of radioiodine (129I) was an organic species (> 70%), 
although this was somewhat variable over a longer time period (Berg and Shuttlekopf, 1977). 

Little is known about the quantities and chemical forms of airborne and terrestrial iodine in the 
vicinity of CANDU Nuclear Power Generating Stations (NPGS) under either routine or 

•I -2 -I 

accidental conditions. Anthropogenic I is volatile and its release during nuclear reactor 
operation is variable and depends upon reactor coolant loss rates, although in the vicinity of 
Canadian CANDU reactors, the concentrations of I measured in the surrounding environment 
are below detection (LaMarre, 1999; McCulley, 1999). For the calculation of reliable 
groundshine and ingestion doses iodine speciation must be well known. However, the low 
concentrations of 131I proximal to CANDU NPGS during regular operations precludes the study 
of its long-term, steady-state behaviour in these environments and may result in overly 
conservative estimates of the iodine transfer factors presently used for safety analyses and 
derived release limit calculations. Here, because of the low concentrations of 131I in the 
environment, even very close to a CANDU NPGS, the behaviour of stable iodine (127I) is being 
used as a proxy. 
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The concentrations and spéciation of stable iodine in the environment have been investigated 
using Gas Chromatographic and ICP-MS techniques coupled with specialized air samplers. Over 
the last two decades, these investigations have provided accurate low-level measurements on 
stable iodine in the atmospheric-, biologic-, and terrestrial-reservoirs (Rahn et al., 1976; 
Cicerone, 1981; Bachhuber and Bunzl, 1992; Reifenhauser and Heumann, 1992; Gabier and 
Heumann, 1993; Yoshida and Muramatsu, 1995; Butler, 2000). 

The work in this study was done primarily to: 

i) develop techniques to collect and measure the site-specific stable iodine species at several 
Canadian CANDU sites, and 

ii) determine site-specific iodine transfer factors for these sites compatible with the needs of 
the CSA models for assessments of routine and accidental releases. 

In the course of this study, the concentrations of iodine species in the atmosphere and in 
associated organic (vegetation) and inorganic (soils) reservoirs have been measured at: i) 
AECL's Chalk River Laboratories (CRL), ii) two Ontario Power Generation (OPG) CANDU 
sites, Pickering NPGS (PNGS) and Darlington NPGS (DPGS), and iii) New Brunswick Power's 
(NBP) (Figure 1). Details of the methodologies, analytical results and resultant transfer factors 
are described in detail in this report. 

2. METHODS 

2.1 Air Sampling for Particulate. Inorganic and Organic Iodine 

A multi-stage air sampler was designed at AECL-Chalk River Laboratories (Kramer, 2000a) to 
collect the particulate, inorganic and particulate forms of iodine (Gabier and Heumann, 1993; 
Wershofen and Aumann, 1989; Yoshida and Muramatsu, 1995). An air-head was machined out 
of copper and was used to trap the particulate and inorganic fractions of iodine using a series of 
filters separated by spacers (Figure 2). Three pieces of stainless steel tubing connected with 
swagelok fittings and filled with activated charcoal were attached to this head, and were used to 
trap the organic fraction of iodine. The sampler was connected to a gas meter to measure the 
volume of air sampled and was then connected to a GAST™ vacuum pump. 

Particulate iodine fractions were collected using a polycarbonate (PC) membrane filter (47 mm, 
0.4 Jim). The inorganic iodine fractions were collected using three impregnated Whatman 41 
filter papers (47 mm). The filters were impregnated by dipping them in a solution of 45 mL of 
double-distilled H2O, 1.9 g of Li0H H20, and 5 mL glycerol for 30 seconds. The filters were 
then placed to dry under a heat lamp for 30 minutes. The use of three filters validated 
quantitative inorganic iodine collection with minimal amounts of breakthrough to the third filter. 

The organic iodine filter was prepared by washing 6-14 mesh activated charcoal with double 
distilled H20 to remove the fine particles. The charcoal was oven dried at 100°C and the dried 
charcoal was placed in a quartz tube and was attached to a vacuum line where it was heated to 
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745°C under vacuum (<10 3 torr) for at least one week (Nedveckaite and Filistowicz, 1993). The 
cleaned charcoal was then packed into three sections of stainless steel tubing (1 g each). Similar 
to the inorganic iodine collection apparatus, negligible breakthrough and quantitative collection 
was demonstrated using the three sections of charcoal. 

With each prepared batch of sampling apparatuses, blank filter material (PC membrane filters, 
Whatman filters and activated charcoal) was prepared and loaded into a separate sampler for use 
as a traveling blank. 

2.2 Pyrolvtic Extraction of Iodine 

The various species of iodine which were absorbed by all filters (PC membrane filters, Whatman 
filters and activated charcoal) were similarly released by combusting them in a stream of moist 
oxygen at 1000°C (Kramer, 2000b). The combustion apparatus (Figure 3) consisted of a quartz 
tube (i.d. 2.8 cm, length 75 cm) that was curved and tapered at one end with a ground-glass joint 
at the other end. The quartz tube was placed into a tube furnace (Thermolyne 21100) and was 
attached to a stream of moist oxygen. The released iodine was carried along with the gas stream 
and was collected at the distal end of the tube, by bubbling the analyte gas through an ice-cooled 
solution of 0.01 M NaOH. 

Each filter, from either the actual field sampling or travel-blank apparatuses, was entirely loaded 
and weighed in a nickel boat that had been pre-cleaned, by exposing it to moist oxygen at a 
temperature of 1000°C for 15 minutes. A small amount of 125I of known activity was pipetted 
onto the sample to serve as a combustion yield/recovery tracer, and the boat was placed in the 
end of the quartz tube. A collection solution, 35 mL of 0.01 M NaOH, was placed on the distal 
end of the quartz tube and the sample was gradually eased into the centre of the tube to initiate 
the combustion process. After 15 minutes, the collection solution was removed, capped and 
weighed. A 20 mL aliquot of the collection solution was then analyzed for its 125I 
concentrations, in order to calculate the % recovery of the iodine. It is considered that the 125I 
tracer was completely exchanged with the iodine in the sample before combustion. The 
combusted sample was removed from the furnace and the combustion tube was then purged for 5 
minutes with O2 before the next sample was combusted. 

2.3 Analysis of Iodine by Gas Chromatograph (GC) 

Iodine-127 in the combustion solution was removed as an iodo-derivative and was analyzed 
according to previously outlined procedures (Kramer, 2000c; Marchetti et al., 1994,1997). To 
prepare the iodo-derivative, the entire collection solution was placed into a 125 mL separatory 
funnel and 1 mL of 5 M H2SO4, 1 mL of 30% H202 and 1 mL of 4% v/v 3-pentanone was 
sequentially added. The solution was shaken and allowed to homogenize for 10 minutes for 
complete iodination to occur. Five mL of hexane was then pipetted into the solution and the 
resulting mixture was shaken vigorously for 2 minutes venting appropriately. After allowing the 
phases to separate, the aqueous fraction was drained and discarded and the hexane analyte was 
drained into a labelled glass scintillation vial. 
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A Hewlett Packard 5890 Series II gas chromatograph, with a J&W capillary column DB-624 
megabore (30 m x 0.53 mm ID 3 |J.m film) and a 63Ni electron-capture detector, was used for the 
measurement of the iodo-derivative. The carrier gas was chromatographic-grade He, and the 
detector gas was 95%Ar/5% CH4 (ECD grade). The injector temperature was set at 150°C and 
the detector temperature was set at 300°C. The column temperature profile for each sample was 
set up to hold at 50°C for one minute, then ramp at 10°C/min to 150°C, and then ramp at 
35°C/min to 245°C for 10 minutes. The samples were introduced using a Hewlett Packard 7673 
automatic sampler by a splitless injection of 2 |J.L of hexane extract. Peak areas were measured 
using HP Chemstation software revision A.06.01. 

Three GC injections of each hexane analyte were performed, with the final iodine concentration 
being calculated using an average of both peak area and peak height from the three separate 
injections. GC calibration standards were prepared in the same manner as the samples, using 
dilutions of a stock solution containing 1000 ng/mL iodine into 25 mL of double distilled H20. 

2.4 Lower Limit of Detection (LLP) and Determination Limit (Ln) 

As previously mentioned, a blank apparatus containing PC membrane filters, impregnated 
Whatman filters and cleaned, activated charcoal was assembled in parallel with all of the field 
sampling apparatuses. This travel-blank was carried to and from the field sites, although no air 
was processed with it. The travel-blank filter materials, prepared at the same time as the field-
sample filters, were used to determine procedural blanks. A detection limit and determination 
limit were calculated, based on the peak area and height for each blank filter. 

The analytical detection limit or lower limit of detection (LLD) is defined as the limit "at which a 
given analytical procedure may be relied upon to lead to detection" and is calculated according to 
the following expression (Currie, 1968): 

LLD = 4.65 x standard deviation of blank (1) 

However, for routine analytical procedures involving quantitative measurement of samples, the 
determination limit (LQ) is defined as the "analytical response at which a given procedure will be 
sufficiently precise to yield a satisfactory quantitative estimate" and can be calculated by the 
following expression (Currie, 1968): 

LQ = 14.1 x standard deviation of blank (2) 

Here, both the detection limit and determination limit for the different types of filters at varying 
volumes of air sampled have been calculated and are shown in Table 1. On the basis of these 
results, all of the subsequent concentrations of airborne iodine species have been corrected for 
their LLD at the indicated volumes of air sampled. 
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Table 1 
Detection Limit and Determination Limit for Volume of Air Sampled 

Volume of 
Air Sampled 

(m3) 

Particule 
L L D 

(ng/m3) 

ite Filter 
LQ 

(ng/m3) 

Inorgan 
L L D 

(ng/m3) 

ic Filter 
LQ 

(ng/m3) 

Organi 
L L D 

(ng/m3) 

c Filter 
LQ 

(ng/m3) 

50 0 . 0 9 8 0 .235 0 . 0 9 9 0 . 2 4 0 0 .119 0 .302 

100 0 .049 0 .120 0 .049 0 . 1 2 0 0 .060 0 .151 

2 0 0 0 .025 0 .060 0 .025 0 . 0 6 0 0 .030 0 .076 

2.5 Reference Materials 

Several organic reference standards were run during the course of this study to verify the 
accuracy of the analytical procedures. The results are shown in Table 2. 

Table 2 
Standard Reference Materials 

Description Standard 
Number 

Accepted 
Value 
(ug/g) 

Date Analyzed Concentration 
in Sample 

(ug/g) 

Average 

(ug/g) 

Standard 
Deviation 
(1-sigma) 

Orchard Leaves NBS 1571 0.17 19-May-99 0.18 0.17 0.04 
19-May-99 0.18 
19-May-99 0.19 
15-Nov-00 0.11 

Tomato Leaves NIST 1573a 0.85 19-May-99 0.82 0.87 0.12 
19-May-99 1.00 
15-Nov-OO 0.78 

Milk Powder NBS 1549 3.38 15-Nov-00 3.65 

Citrus Leaves NBS 1572 1.84 19-May-99 1.42 1.25 0.25 
19-May-99 1.07* 

*less than recommended sample size used 
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The measured concentration of iodine in the standard samples generally agreed with the accepted 
value within 25%, with only two outliers at 35% and 42%. However, the results are favourable 
when looking at the mean and standard deviation of these analyses, suggesting that the errors are 
random and not systematic. 

3. RESULTS AND DISCUSSION 

3.1 Iodine Species at Chalk River Laboratories (CRL) 

In 1999 and to a greater extent in 2000, airborne iodine speciation samples were collected at 
CRL, to develop and refine the methodology and analytical procedures for sampling and 
determining iodine in air (Table 3 - Figure 4a, b). 

Table 3 
Iodine Concentrations at AECL, Chalk River 

Date Location Flow 
Rate 

(L/min) 

Total 
Volume 

(m3) 

Partie 

(ng/m3) 

ulate 

(%) 

Inorg 

(ng/m3) 

anic 

(%) 

Orga 

(ng/m3) 

nic 

(%) 

Ave 
Tempe 

Max °C 

rage 
îrature 

Min °C 

Total 
Rainfall 

(mm) 

8-Jul-99 513 Back Door 100 nd na 0.509 24.4 19.0 93.7 
13-Aug-99 513 Back Door 27 215.6 nd 0.341 na 23.2 13.0 17.4 
25-Aug-99 Duke's Swamp 28.6 153.5 nd 0.0 0.225 23.5 0.731 76.5 29.1 14.9 0 
29-Aug-99 Duke's Swamp 28.4 204.6 nd 0.0 0.078 19.4 0.324 80.6 25.0 11.4 0.2 
16-Sep-99 Perch Lake 

Trailers 
17.4 151.4 nd 0.0 0.115 41.8 0.160 58.2 19.8 9.5 5.1 

16-Jun-00 Duke's Swamp 21.8 188 nd 0.0 nd 0.0 nd 0.0 22.1 12.2 6.6 
23-Jun-00 Duke's Swamp 4.0 23 nd 0.0 nd 0.0 nd 0.0 25.6 12.4 40.6 
23-Jun-00 Duke's Swamp 14.0 82 nd 0.0 0.068 32.7 0.141 67.3 25.6 12.4 40.6 
8-Jul-00 Duke's Swamp 25.0 217 nd 0.0 nd 0.0 nd 0.0 23.4 11.4 12.8 
8-Jul-00 Duke's Swamp 5.4 47 nd 0.0 nd 0.0 0.313 100.0 23.4 11.4 12.8 
14-Jul-00 Duke's Swamp* 26.0 242 nd 0.0 nd 0.0 0.069 100.0 23.2 13.7 8.9 
14-Jul-00 Duke's Swamp* 9.1 85 nd 0.0 nd 0.0 0.114 100.0 23.2 13.7 8.9 
16-Jul-OO Duke's Swamp* 10.4 105 nd 0.0 nd 0.0 nd 0.0 22.0 12.6 8.9 

Average 17.3 136.2 nd 0.0 0.069 16.8 0.264 83.2 
All samples are background-corrected 
nd - not detectable (below LLD) 
na - not analyzed 
* collected within tree canopy 

At CRL, the concentrations of all airborne iodine species at the Duke's Swamp sampling site 
were highly variable. Some of the air sampling events yielded no detectable levels of iodine in 



7 

any fraction and, although they have not been included in the average for CRL, they have been 
included in the data set to show the variability of results. The concentrations of iodine in air at 
CRL are generally at the lower end for the concentrations of gaseous iodine measured elsewhere, 
worldwide (Gabier and Heumann, 1993). The concentrations may be at this level because the 
sandy sediments in the CRL area are glacial-fluvial and largely devoid of marine-derived iodine 
species. Previous analyses of the concentrations of iodine in the sandy sediments at CRL varied 
from below detection (<5 ng/g) to approximately 100 ng/g (Milton et al., 1999), which is at or 
considerably less than the lower end of the worldwide range of 100 to 10,000 ng/g iodine for 
most soils (Sheppard, 1996). Further, it is expected that the humid conditions that exist at the 
Duke's Swamp sampling site would preclude the existence of dust and particulates. This is 
demonstrated by the particulate iodine fractions being below detection in all cases, as shown in 
Table 3. 

The greatest percentage of iodine in the CRL samples was found in the organic iodine fraction 
(average 83%), believed to be primarily methyl iodide (CH3I; Rasmussen, et al, 1982). Previous 
radiocarbon-source studies at this site indicate that 14C02 is being degassed from the organic 
peats (Evenden et al., 1998; Killey et al., 1998), hence it is possible that similar physio-chemical 
processes are controlling the volatile organic iodine components (Milton et al., 1999). 
Furthermore, between 2000 July 14-16, three air samples were collected from within the tree 
canopy at Duke's Swamp and all showed an exclusive organic iodine component (Table 3), 
suggesting introduction of a gaseous organic iodine component via photo-respiration processes. 

Weather (temperature and rainfall) does not seem to completely explain the variability in the 
airborne iodine concentrations at CRL through time, although it is interesting to note that at 
Duke's Swamp, an air sample collected within 1 m of ground level and during a time of highest 
recorded temperature and lowest rainfall (1999 August 25) also had the highest concentration of 
gaseous organic iodine. As the water table is at or very close to the surface at CRL, it is likely 
that the bulk of the gaseous organic iodine can be attributed to water/soil degassing and 
barometric pumping from within the soil water column. Milton et al. (1998) previously found a 
similar correlation between increasing air temperature and increasing specific activity of 14C-in-
air at CRL and attributed it to similar processes. 

3.2 Iodine Species at Canadian CANDU Sites (Pickering, Darlington, Pt. Lepreau) 

Air samples were collected at OPG's Darlington Nuclear Generating Station (DNGS) in 
1999 September, at OPG's Pickering Nuclear Generating Station (PNGS) in 1999 September and 
from 2000 June to August, and at NB Power's Pt. Lepreau Generating Station in 2000 August 
(Table 4 - Figure 5a,b,c). Samples at Pt. Lepreau were taken at three different sites (labelled 
1,2,3 in Table 4) located within 0.5 to 2 km of the Pt. Lepreau NPGS over two separate, 
one-week sampling periods. 
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Table 4 
Summary of Airborne Iodine Concentrations at Stations 

Location Middle of Flow Total Particulate Inorganic Organic Remarks 
Sampling 

Period 
Rate Volume 

(L/min) (m3) (ng/m3) (%) (ng/m3) (%) (ng/m3) (%) 
DNGS Oct. 3, 1999 26 271.2 0.151 13.3 0.192 16.9 0.793 69.8 near gravel road, 

avg. high 13.1°C, 
avg. low 5.6°C, 13.6 
mm rain 

PNGS Oct. 3, 1999 35 359.5 0.160 24.5 0.158 24.2 0.336 51.4 avg. high 13.FC, 
avg. low 5.6°C, 13.6 
mm rain 

PNGS Jun. 3, 2000 6.7 43 nd 0.0 nd 0.0 0.754 100.0 heavy rain 
PNGS Jun. 3,2000 24.5 175 nd 0.0 nd 0.0 0.102 100.0 tieavy rain 
PNGS Aug. 18, 2000 25.9 298 0.049 23 nd 0.0 0.164 77.0 avg. high 22.1°C, 

avg. low 13.2°C, 
22.7 mm rain 

Pt. Lepreau 1 Aug. 10,2000 25.3 184 0.290 1.0 1.913 6.6 26.681 92.4 part sun, no rain, 
near gravel road 

Pt. Lepreau 2 Aug. 10, 2000 24.7 178 0.650 1.9 8.336 24.7 24.807 73.4 part sun, no rain 
Pt. Lepreau 3 Aug. 10,2000 19.9 143 0.210 0.9 0.567* 2.5 21.574 96.5 part sun, no rain 

Pt. Lepreau 1 Aug. 15, 2000 25.5 182 nd 0.0 0.492 2.2 21.822 97.8 part sun, part fog, 
near gravel road 

Pt. Lepreau 2 Aug. 15, 2000 24.9 176 0.169 1.0 0.889 5.1 16.402 93.9 part sun, part fog 
Pt. Lepreau 3 Aug. 15,2000 19.1 132 1.066 6.3 1.403 8.3 14.411 85.4 paît sun, part fog 

All samples are background-corrected 
nd - not detectable (below LLD) 
* inorganic filter paper was wet when performed combustion 

In all cases, the largest portion of airborne iodine was in the organic fraction (DNGS 70%, PNGS 
82% and Pt. Lepreau 90%). The total range in the airborne inorganic and particulate fractions 
ranged from 6% to 17% and 2% to 13%, respectively (see Figure 6). 

The concentrations of particulate iodine in air at PNGS and DNGS were quite low in all cases 
(avg. = 0.12±.06 ng/m3) and were not detectable in the samples taken 2000 June 3. Because 
there were heavy rains during the June 3 sampling period, this result appears reasonable. The 
inorganic gaseous iodine component was generally low at PNGS and DNGS (avg. = 0.18 ng/m3) 
and was not detectable at PNGS during the 2000 June 3 sampling when there was heavy rain, as 
well as during the 2000 August 18 sampling period when there was some rainfall. DNGS and 
PNGS had concentrations of airborne organic iodine species of approximately 0.5 ng/m3 

(0.43±0.33 ng/m3), in concordance with the levels of iodine at other mid-latitude sites 
(Rasmussen et al., 1982). In this study, the organo-iodine species is assumed to be methyl 
iodide, which is known to be the dominant organo-iodine species (Reifenhâuser and Heumann, 
1992; Sheppard, 1996). Unlike the airborne particulate and inorganic iodine species, the 
concentrations of the organo-iodine species do not appear to have any correlation with any trends 
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in local temperature or precipitation. Rather, the levels of iodine observed in the organic fraction 
are likely due to the amount of anaerobic biosynthesis of iodine in the soil and re-emission via 
the soil and plants (Muramatsu and Yoshida, 1995). 

The concentrations of particulate iodine species measured at Pt. Lepreau were, on average, 
approximately four times higher (0.48±0.38 ng/m3) than at PNGS and DNGS. These higher 
concentrations are expected for the Pt. Lepreau site, as this is an oceanic site, and because the 
mixed layer in the ocean is a dominant source of halogens such as iodine (Kocher, 1981; Fuge 
and Johnson, 1986) there would be high levels of airborne inorganic iodine introduced from 
processes such as wave-action and sea spray. The local weather conditions in the Pt. Lepreau 
area did seem to affect the particulate levels. This is shown by the fact that the concentrations of 
particulate iodine at sites 1 and 2 during the August 15 sampling period, which was partly foggy 
and humid, were significantly lower than during the August 10 sampling period which was sunny 
with less humidity. Relative to PNGS and DNGS, the concentration of an inorganic gaseous 
iodine fraction was approximately 10 to 15 times higher (2.3±3.0 ng/m3) at Pt. Lepreau. Again, 
this can be attributed to Pt. Lepreau being an oceanic site. The inorganic iodine sample from 
site 3 during the August 10 sampling period appears lower and could have been compromised 
because the filters were wet after sampling. Therefore, the lower concentration could be 
explained by some migration of inorganic iodine to the organic fraction. The concentrations of 
gaseous organic iodine were significantly higher (20.9±0.5 ng/m3) at Pt. Lepreau than at PNGS 
and DNGS. This agrees with the results from other studies which indicated that the gaseous 
organic iodine is the result of high biomass activities of algae in the ocean and associated littoral 
sites (Rasmussen et al., 1982; Yoshida, and Muramatsu, 1995). 

3.3 Comparison with Worldwide Atmospheric Iodine Values 

The results from this study have been compared to the concentrations of airborne iodine species 
at various geographical locations worldwide (Table 5 - Figure 7a, b). 
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Table 5 
Iodine Species in Various Geographical Locations 

Location Date Total 
Volume 

Air 
Sampled 

(m3) 

Flow 
Rate 

(L/min) 

Partici 
Iodi 

(ng/m3) 

llate 
ne 

(%) 

Inorga 
Iodii 

(ng/m3) 

nic 
ie 

(%) 

Orga 
Iodi 

(ng/m3) 

nic 
ne 

(%) 

Reference 

CRL, Canada Average 136.2 17.3 nd 0 0.044 16.8 0.168 83.2 This work 
Pickering and 

Darlington, Canada 
Average 229 24 0.07 12.2 0.08 12.3 0.43 75.6 This work 

Pt. Lepreau, Canada Aug-00 166 23 0.39 1.9 2.27 8.2 20.95 89.9 This work 

North West 
Territories, Canada 

Jun-Oct 
1974 

100 na 0.2 5.6 0.4 11.1 3 83.3 Rahn 

Bonn, Germany na na na 2 45.8 1.5 34.3 0.9 19.9 Gabier 

Regensburg, 
Germany 

Oct 26-30, 
1991 

76 18 3 25.6 1.2 10 7.6 64.5 Gabier 

Kansas, United States Jun-Oct 
1974 

100 na 2.6 13.3 5 25.5 12 61.2 Rahn 

Arizona, United 
States 

Jun-Oct 
1974 

100 na 1.3 7.5 11 63.6 5 28.9 Rahn 

New York City, 
United States 

na na na <1 11.1 6 66.7 2 22.2 Gabier 

Illinois, United States na na na 3.2 15.1 3 14.2 15 70.8 Gabier 
Bermuda Jun-Oct 

1974 
100 na 3.8 7.8 17 34.8 28 57.4 Rahn 

Pacific Ocean na na na 11.5 na 27.75 Gabier 
Atlantic Ocean na na na 3.8 na 17.3 Gabier 

Ibaraki, Japan na 50-80 2-Jan 1.85 10.2 2.25 12.4 14.1 77.5 Yoshida 

All samples are background-corrected 
na - not analyzed 
nd - not detectable (below LLD) 

Worldwide, the concentrations of airborne particulate, inorganic and organic iodine species range 
from below detection to 11.5 ng/m3, 0.04 ng/m3 to 17 ng/m3 and 0.17 ng/m3 to 28 ng/m3, 
respectively (see Table 5). By far the airborne organic iodine fraction is the dominant form of 
iodine at most locations and was consistently higher at all oceanic sites. This is the result of 
gaseous organic iodine derived predominantly by reactions with marine algae (Rasmussen et al., 
1982; Yoshida and Muramatsu 1995). The concentrations of particulate and inorganic iodine 
species measured at Canadian mid-latitude sites in this study (CRL, PNGS, DNGS) are lower in 
relation to other mid-continental sites (see Table 5). This may be due to the fact that the 
sediments in the CRL area are glacial fluvial and devoid of marine ionic species and that, at 
PNGS and DNGS, these iodine species were affected by local weather conditions during 
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sampling or by reservoir effects of the large nearby freshwater lakes in southern Ontario which 
might be serving to dilute the airborne concentrations. Conversely, the levels of gaseous iodine 
species at Pt. Lepreau are comparable with other oceanic sites worldwide (i.e. Bermuda, Japan; 
Table 5 -Figure 7a), although particulate species are lower which may be a function of sampling 
location. 

3.4 Vegetation. Soil and Milk Data 

The concentrations of iodine in vegetation, soil and milk from DNGS, PNGS and Pt. Lepreau 
were determined using pyrolitic extraction techniques, discussed in Section 2.2. Results are 
shown in Table 6. 

Table 6 
Vegetation, Soil and Milk Data at DNGS, PNGS and Pt. Lepreau 

Site Date 
Sampled 

Description Cone, of Iodine 
in Sample 
(ng/g dry) 

Cone, of Iodine 
in Sample 
(ng/g wet) 

DNGS 
30-Sep-99 Ash leaves 716* 267 
30-Sep-99 Ash berries 39* 7 
30-Sep-99 Grass 163* 47 

PNGS 
30-Sep-99 Red Tomato 21* 1 
30-Sep-99 Cucumber 37* 1 
30-Sep-99 Carrot 207* 24 
30-Sep-99 Soil 6198* 5225 
30-Sep-99 Grass 782* 224 
30-Sep-99 Grass 126* 36 
30-Sep-99 Milk 2549* 293 

PNGS 
2-Jun-00 Soil 2220** 1871 
2-Jun-00 Grass 13** 4 
l-Jun-00 Apple Leaves 47** 17 

15-Aug-00 Grass 54** 15 
15-Aug-00 Leaves Mountain Ash 120** 45 
15-Aug-00 Spruce Needles 7** 3 
23-Aug-00 Soil 2820** 2377 
15-Aug-00 Mountain Ash Berries 19** 3 
15-Aug-OO Apples 5** 1 

All samples are background-corrected 
* Samples measured by ICP-MS 
** Samples measured by GC 
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Table 6 (continued) 
Vegetation, Soil and Milk Data at DNGS, PNGS and Pt. Lepreau 

Site Date 
Sampled 

Description Cone, of Iodine 
in Sample 
(ng/g dry) 

Cone, of Iodine 
in Sample 
(ng/g wet) 

Pt. 
Lepreau 

2-Aug-00 Potatoes 139** 27 
31-Jul-00 Onions 20** 5 
17-Aug-

00 
Swiss Chard 401** 38 

l-Aug-00 Spinach 1341** 137 
17-Aug-

00 
Peas 9** 3 

17-Aug-
00 

Raspberries 55** 8 

17-Aug-
00 

Grass 475** 136 

17-Aug-
00 

Soil(l) 18489** 15586 

17-Aug-
00 

Soil(2) 18990** 16008 

l-Aug-00 Maces Bay Dulse 32035** 15153 
31-Jul-OO St. Andrew's Milk 

Composite 
1919** 221 

All samples are background-corrected 
* Samples measured by ICP-MS 
** Samples measured by GC 

For the vegetation samples, the concentrations ranged between 1 and 267 ng/g (wet weight; see 
Table 6. The variability observed is expected between species and varieties of plants (Sheppard, 
1996). The highest concentration of iodine of 15153 ng/g was measured in a sample of 
Atlantic Dulce from Pt. Lepreau, which reflects the fact that marine biota is directly affected by 
the high levels of iodine in the Atlantic Ocean. 

The concentrations of iodine in soils ranged from 1871 ng/g to 16008 ng/g, with the highest 
concentrations of iodine being observed at Pt. Lepreau. The concentrations of iodine in all the 
soil samples fall with the general range of 0.1 to 90 mg/kg quoted for most worldwide soil types 
(Sheppard, 1996). 
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3.5 Transfer Factors 

Predicting plant accumulations of potentially volatile radionuclides (i.e.1291,131I) presents a 
significant challenge, when the primary source is an atmospheric release. General pathways are 
considered to be atmosphere-plant and atmosphere-soil-plant transfers through the leaves and 
roots. On the basis of the published literature and the concentrations of iodine measured in the 
air, plant and soil reservoirs during our study, it is considered that iodine concentrations in soil 
and associated soil-to-plant transfers will be the dominant control on observed iodine 
concentrations in plants. This is somewhat dependent upon plant species or variety, soil type and 
climactic zone (Sheppard, 1996) and the minor influence that the atmosphere plays on the role of 
accumulation of iodine in plants (Sheppard and Evenden, 1992; Sheppard et al., 1993). 

Studies have used the measurements of 129I and 127I concentrations in air, soil and vegetation, to 
determine their associated air- vegetation and soil- vegetation concentration factors. The latter 
(also referred to as concentration ratios, transfer coefficients, transfer factors) are given by 
Robens et al. (1988), and have been used in this study: 

Bvsoii-vegetation = concentration of nuclide in plant (g g"1 wet weight) (3) 

concentration of nuclide in soil (g g"1 dry weight) 

(In the case of Bvsoii_grass, grass is expressed in dry weight) 

For air-vegetation, the transfer factor ( T F a i r - v e g e t a t i o n ) has been calculated as: 

TF a i r - v e g e t a t i o n = concentration of nuclide in plant (gg 1 wet weight) (4) concentration of nuclide in air (ng m~3) 

(In the case of TFair.grass, grass is expressed in dry weight) 
o 

The various concentrations of iodine measured in the air (ng/m ; see Table 4) and soil, 
vegetation, grass and milk (ng/g wet and dry weights; see Table 6) in this study have been used 
for the transfer factor calculations, and are listed below in Table 7. 
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Table 7 
Calculated Transfer Factors for 1-127 at Several Canadian 

CANDU Nuclear Power Generating Stations 

Location 
(date) 

sample 

TF 
(air-

vegetation) 
(1) 

TF 
(air-grass) 

(2) 

Bv 
(soil-

vegetation) 
(3) 

Bv 
(soil-grass) 

(4) 

Fm 
(grass-
milk) 

(5) 

Remarks 

DNGS 
(09/1999) 

Berries (Mountain Ash) 6.2e3 
Leaves (Mountain Ash) 2.4e3 

Grass 1.4e5 

PNGS 
(09/1999) (6) 

Red Tomato (P2) 1.5e3 1.6e-4 
Cucumber (P6) 1.5e3 1.6e-4 

Carrot (P6) 3.6e4 3.9e-3 
Grass (P2) 1.2e5 1.3e-l 
Grass (P6) 1.9e4 2.0e-2 

Milk 5.4e-2 O'Connor 
farm 

PNGS 
(06/2000) (6) 

Apple Tree Leaves (P5) 2.4e4 7.7e-3 
Grass (P3) 1.9e4 5.9e-3 

PNGS 
(08/1999) (6) 

Berries (Mountain Ash; 
P3) 

1.8e4 l.le-3 

Leaves (Mountain Ash; 
P3) 

2.7e5 1.6e-2 

Spruce Needles (P3) 1.8e5 l.le-3 
Apples (P5) 4.3e3 2.5e-4 
Grass (P3) 3.3e5 1.9e-2 

Total Range 1.5e3 - 2.7e5 1.9e4 - 3.3e5 1.6e-4 - 1.6e-2 5.9e-3 - 1.3e-l 
Mean 

(std deviation) 
9.7e4 

(0.2e4) 
1.3e5 

(1.3e5) 
3.8e-3 

(5.5e-3) 
4.3e-2 

( 5.6e-2) 
5.4e-2 



15 

Table 7 (continued) 
Calculated Transfer Factors for 1-127 at Several Canadian 

CANDU Nuclear Power 
Generating Stations 

Location 
(date) 

sample 

TF 
(air-

vegetation) 
(1) 

TF 
(air-grass) 

(2) 

Bv 
(soil-

vegetation) 
(3) 

Bv 

(soil-grass) 

(4) 

Fm 
(grass-
milk) 

(5) 

Remarks 

Pt. Lepreau 
(08/2000) (7,8) 

Potatoes 1.4e3 1.4e-3 duplicate soil 
sample (8) 

Onions 2.6e2 2.8e-3 
Swiss Chard 1.9e3 2.0e-3 

Spinach 6.9e3 7.3e-3 
Peas 1.4e2 1.5e-4 

Raspberries 3.9e2 4.2e-4 
Grass 2.4e4 2.5e-2 " " 

Milk 3.9e-2 Milk 
composite 
from St. 

Andrews area 

Total Range 1.4e2 - 6.9e3 1.5e-4 - 7.3e-3 
Mean 

(std deviation) 
1.8e3 

(2.6e3) 
2.4e4 2.3e-3 

(2.6e-3) 
2.5e-2 3.9e-2 

(1) TF air-vegetation calculated using equation 4,1 in plant (wet weight; see Table 6) and average total I air (ng/m"3) for 
sampling period from Table 4 
(2) TF air-grass calculated using equation 4,1 in grass (dry weight; see Table 6), and average total I air (ng/m" ) for 
sampling period from Table 4 
(3) Bv Soii-vegetation calculated using equation 3,1 in plant (wet weight; see Table 6) and average iodine in soil (dry 
weight; see Table 6) for sampling period (if multiple samples exist) 
(4) Bv Soii-grass calculated using equation 3,1 in grass (dry weight; see Table 6) and average iodine in soil (dry weight; 
see Table 6) for sampling period (if multiple samples exist) 
(5) Fm (Grass to milk transfer factor) calculated using equation 5 (Dreicer and Klusek, 1988) 
(6) Numbers (i.e., P3, P5, etc) used with Location designation for OPG-Pickering refer to designators for OPG air 
sampling stations 
(7) AU vegetable samples from Pt. Lepreau site obtained from a private garden at Dipper Harbor sampling site (site 
#3 in this study) 
(8) Bv (soil-grass; soil-vegetation) at Pt. Lepreau calculated using an average of two soil samples 
(avg. concentration = 18740 ng/g) 

The average iodine transfer factors shown in Table 7 are compared in Table 8 to values obtained 
from other studies. 
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Table 8 
Summary of Average Transfer Factors Compared to Values in other Studies 

Location TF 
(air-

vegetation) 
(m3/kg) 

TF 
(air-grass) 

(m3/kg) 

Bv 
(soil-vegetation) 

Bv 
(soil-grass) 

Fm 
(grass-
milk) 
(d/1) 

PNGS 
DNGS 

9.7e4 ± 2e5 1.3e5 ± 1.2e5 3.8e-3 ± 5.5e-3 4.3e-2 ± 5.6e-2 5.4e-2 

Pt. Lepreau 1.8e3 ± 2.6e3 2.4e4 2.3e-3 ± 2.6e-3 2.5e-2 3.9e-2 
Audet and 

Baker, 1998 
4.8e4 1.2e4 

Robens et al., 
1988 

9.3e-3 and 
1.8e-l 

4e-2 and 
19.8e-l 

Driecer and 
Klusek, 1988 

le-3 

This comparison indicates that: 

i) The averages for TFair.vegetation and TFair-grass at both the mid-continental and oceanic 
Canadian CANDU sites of our study, are internally comparable between the two 
geographic locations, within a factor of two. The averages of these values are also 
comparable with values quoted in Audet and Baker (1998) for 129I. 

ii) The averages of BvSOii-Vegetation and Bv̂ u-grass at both the mid-continental and oceanic 
Canadian CANDU sites of our study, are internally very similar between the two 
geographic locations. These average values are also comparable to the range of 
Bvsoii-vegetation (12?I) values and BvSoii-grass (127I ) values taken from Robens et al. (1988). 

An estimate of the transfer of iodine from grass to milk (Fm) was done using the equation from 
Driecer and Klusek (1988): 

Cm/Cv = Qf x fs x Fm (5) 

where Cm = iodine concentration in milk; 
Cv = iodine concentration in pasture (grass); 
fs = fraction of total feed from pasture grasses (0.75; (Driecer and Klusek, 1988)); and 
Qf = daily intake of feed (kg/d; 16 kg/d; (Driecer and Klusek, 1988)). 

It is realized here that the values of Qf and fs are based on literature values for the northeast 
United States (Driecer and Klusek, 1988). These may not be directly applicable to Canadian 
dairies but are used for example purposes here. 
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Using the average values of 127I in grasses and milk from both PNGS and Pt. Lepreau yields 
values of 5.4e-2 d/1 and 3.9e-2 d/1, respectively (Table 8) as compared to a value of le-3 d/1 for 
13II from Chernobyl in milk taken from dairy cows in the northeastern United States (Driecer and 
Klusek, 1988). 

4. CONCLUSIONS 

i) The air sampling and analytical methodologies we have developed produced accurate 
results, with respect to their comparison with published concentrations of iodine in 
reference standards. These methodologies yield analytical results on the concentrations 
of various atmospheric iodine species (particulate, inorganic and organic) that are 
comparable to the measured levels of iodine in air from other sites worldwide. 

ii) The concentrations of particulate and gaseous inorganic iodine we measured at 
mid-latitudinal Canadian CANDU sites (CRL and PNGS/DNGS) are quite low and may 
be reflecting the levels of iodine in the surrounding terrestrial environment, as well as the 
dilution effects from nearby large freshwater lakes. Conversely, the concentrations of 
particulate, inorganic and organic iodine in air at Pt. Lepreau NPGS, an oceanic site, are 
approximately 4 to 20 times higher than the mid-latitude Canadian CANDU sites, and are 
comparable with the levels of iodine at other oceanic sites worldwide. 

iii) Transfer factors for air-soil-vegetation-milk have been calculated and yield results 
comparable to values obtained from other studies. 
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