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Abstract
A robust emergency management framework can limit radiation exposures and
effectively minimise the potentially devastating consequences of a nuclear
emergency. We projected thyroid cancer risk resulting from two hypothetical
severe nuclear accidents occurring at the Darlington nuclear power plant (NPP)
located in Ontario, Canada. Single- and multi-unit accidents were considered.
A dose assessment was previously performed using the MELCOR Accident
Consequences Code System. The generic criteria used to select the appropriate
protective actions are described in the Ontario Provincial Nuclear Emergency
Response Plan (PNERP). We hypothesised protection actions only within the
10 kilometre (km) radius of the NPP given the time sensitivity of iodine thyroid
blocking. The excess risk of developing thyroid cancer was projected using the
US National Cancer Institute’s radiation risk assessment tool RadRAT. We
projected zero dose, and subsequently zero risk of developing thyroid cancer
for people living within 10 km of the NPP, due to effective implementation
of selected protective actions. Based on centreline doses, at the 12 km radius,
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excess childhood thyroid cancer risks for a one-year-old female as the most
critical receptor were projected to be approximately 600% and 130% compared
to the baseline were projected for the single- and multi-unit scenarios, respect-
ively. The risk of developing thyroid cancer was projected to be low for adults
for both scenarios. The results of this modelling study provide insights into the
effectiveness of protective actions in reducing radiation-related thyroid cancer
risk when considering hypothetical severe nuclear accidents. Implementation
of select protective actions protects the population living near the Darlington
NPP. The projected increase of developing thyroid cancer for children liv-
ing beyond 10 km could potentially be eliminated with additional mitigation
measures specified in the PNERP.

Keywords: nuclear, accident, model, radiation, thyroid, cancer, risk

(Some figures may appear in colour only in the online journal)

1. Introduction

Exposure to radiation may increase the short- and long-term health risk of some cancer and
non-cancer diseases for the exposed population [1]. A robust emergency management frame-
work with detailed ERPs can limit radiation exposures and effectively minimise the potentially
devastating consequences of a radiological or nuclear event. These plans include references
to protective actions such as evacuation, sheltering, iodine thyroid blocking (i.e. the inges-
tion of potassium iodide, or KI pills), temporary relocation, and ingestion controls placed on
contaminated food or water. The implementation of protective actions is intended to be flex-
ible to allow the authorities having jurisdiction to consider factors such as the meteorological
conditions, the presence of vulnerable groups, and public policy considerations [2].

Lessons learned from real emergencies such as the Fukushima-Daiichi and the Chernobyl
nuclear accidents have contributed to improving the robustness of emergency response world-
wide [3–5]. Additional insights can be gained through modelling hypothetical severe nuclear
accidents, applying domestic ERPs, and estimating the long-term radiation-related health risks
[6–8].

In Canada, the response to a nuclear emergency would be a coordinated multi-jurisdictional
effort. The province in which the emergency occurs is the designated lead agency for the offsite
response. In Ontario, Emergency Management Ontario would activate the PNERP [9]. The
PNERP sets out the overall principles and policies, as well as the responsibilities for nuclear
and radiological ERP. At the federal level, Public Safety Canada and Health Canada would
provide assistance by activating their respective ERPs [10, 11]. The Canadian Nuclear Safety
Commission, as the national nuclear regulator, would determine whether onsite actions taken
by the licensee are appropriate as well as provide technical advice to partners (e.g. calculating
source term, dispersion calculations, deploying specialists if requested, etc) [12].

Here we present the results of an analysis that projects thyroid cancer risk following two
hypothetical severe accident scenarios occurring at the Darlington nuclear power plant (NPP)
located in Ontario, Canada. We applied the protective actions described in the PNERP [9] to
a previous dose assessment performed by Ontario Power Generation (OPG). We then used a
radiation risk assessment tool (RadRAT) developed by the US National Cancer Institute (NCI)
to assess thyroid cancer risk to the population [13].
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Table 1. Fission product groupings of the modelled source term.

Fission Product Group Release Fractiona

Noble gases 4.12 × 10–1

Halogens 1.52 × 10–3

Alkali metals 1.52 × 10–3

Alkaline earths 2.30 × 10–8

Refractory metals 2.53 × 10–4

Lanthanides 8.51 × 10–9

Actinides 5.16 × 10–8

Barium 1.68 × 10–7

a Fraction of equilibrium core inventory of each radionuclide in the group released to
the environment

2. Methods

2.1. Site-specific description

The Darlington NPP is located on the north shore of Lake Ontario in the Municipality of
Clarington, approximately 70 km east of Toronto. OPG is the operator of the four unit NPP
that came into service in 1990 and has a capacity of 3 500 megawatts.

OPG used population statistics from the 2006 Census to conduct the dose assessment. Cana-
dian and U.S. population information were included given the 100 km geographical region
considered in this study. In 2006, the population of the municipality of Clarington was 77 820,
whereas the population of metropolitan Toronto was 5 113 149 [14].

2.2. Source term for the hypothetical nuclear accident

The source term used for this study was composed of 1× 1014 becquerels (Bq) of cesium-137
(137Cs) with a mix of other radionuclides scaled to reflect the distribution of fission products
associated with the CANDU reactor design at the Darlington NPP [15]. The full spectrum
of the major radionuclide releases was assessed by OPG using a validated software program
called modular accident analysis program for CANDU reactors (MAAP4-CANDU) [16]. The
fission products were grouped and added to 137Cs to form the total source term (table 1),
expressed as release fractions or percentage of total inventory released.

The accident scenarios considered here are both beyond-design-basis accidents (BDBAs),
with frequencies of occurrence of less than 10–5 per reactor year [15]. One of themajor assump-
tions of this study is that a release occurs; making the frequency of the scenarios evaluated here
effectively one.

Of note, the source term considered for the planning basis of the PNERP is also a BDBA
[9]. The iodine-131 activity in the source term used for the planning basis of the PNERP
(2.23 × 1016 Bq) [17] is approximately an order of magnitude greater than that of the single-
unit scenario (3.93 × 1015 Bq), but only 1.5 times greater than that of the multi-unit scenario
(1.57 × 1016 Bq) used in this study.
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2.3. Hypothetical nuclear accident scenarios

The scenarios used for this study are hypothetical and do not reflect a specific accident progres-
sion. Two accident scenarios were modelled: a single-, and a multi-unit reactor accident. The
source term for the multi-unit scenario was obtained by multiplying the radionuclide release
of the single-unit scenario by four to represent a hypothetical failure event that affects four
reactor units simultaneously; this is an overly-conservative limiting case. In reality, a severe
accident affecting four units would have staggered release times for the different units, result-
ing in a lower dose than a simultaneous release. For example, staggered releases were observed
at the Fukushima-Daiichi power plant for unit one (23 h), unit two (89 h), and unit three (47 h)
following the start of the accident [18].

We assumed that no radioactive material was released to the environment during a 24 h
hold-up period for both scenarios. This is reasonable, given the design of CANDU reactors
which includes large bodies of water in the calandria, as well as the shield tank acting as a heat
sink and slowing accident progression. Following the 24 h hold-up period, a short and long
release duration were assessed. We assumed a short release duration of 1 h for the single-unit
scenario. A 24 h long release duration for the multi-unit scenario was used to represent the
longer-term releases seen in the Fukushima example. These scenarios are generic and were
chosen to allow us to conduct a human health risk assessment with diverse dose estimates.

2.4. Radioactive plume dispersion and dose modelling

OPG performed the atmospheric dispersion modelling and dose assessment using the MEL-
COR Accident Consequences Code System (MACCS2) from Sandia National Laboratories
[19]. The code is based on a straight-line Gaussian plume model that assumes horizontal and
vertical distribution of the pollutant concentrations in the plume.

For the single-unit scenario, the wind direction and speed were assumed to be constant due
to the relatively short duration of the release. For the multi-unit scenario, wind direction and
speed were varied over time. The long release time allows for the decay of noble gases, res-
ulting in lower doses. Hourly-averaged meteorological data records for wind speed, direction,
and atmospheric stability for one year (i.e. 8 760 hourly-averaged sets of data), collected from
the Darlington NPP meteorological tower were used. Throughout that year, the average meas-
ured wind speed is 2.6 m s−1 and calm conditions are present approximately 8% of the time
which is typical of Lake Ontario shore conditions. It should be noted that averaging of the met-
eorology in this manner, while generally appropriate for long-term chronic releases, can have
the effect of removing the possible extremes in real meteorology that could be experienced
during acute accidental releases.

The dose assessment was calculated for a period of seven days, which is considered the
early phase of the accident within MACCS2, when protective actions would be taken. The
radiation dose assessment was completed for a 30-year-old male. This study did not consider
the exposure period that may occur after the first seven days, as this involves complex assump-
tions about continued exposure and the transition to recovery strategies. The recovery phase
is currently a focus of national and international efforts [20]. Once detailed recovery plans
are developed, continued exposure assumptions could be included in modelling studies. Dur-
ing the first seven days, five exposure pathways are relevant for dose assessment: cloudshine,
groundshine, skin deposition, cloud inhalation, and re-suspension inhalation. The MACCS2
grid structure consisted of a series of ten annular rings (0–2 km, 2–4 km, etc.) and 16 radial
sectors, for a total of 160 ring sectors extending from the Darlington NPP out to 100 km. The
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Table 2. Generic criteria of the Ontario PNERP [9].

Protective Action Strategy Projected Dose Protective Action

Exposure Control Measures 50 mSv equivalent dosea to the
thyroid in the first 7 d

Iodine Thyroid
Blocking

10 mSv effective doseb in 2 d Sheltering
100 mSv effective dose in the
first 7 d

Evacuation

a The product, in sievert, obtained by multiplying the absorbed dose of radiation by the radiation
weighting factor, reflects the amount of harm caused, regardless of the type of radiation.
b The sum of the products, in sievert, obtained by multiplying the equivalent dose of radiation by
the tissue weighting factor, reflects the overall detriment to the whole body.

central radius of the ring sector is provided throughout this paper as the distance from the NPP
(e.g. 1 km, 3 km, etc.).

The mean of both the centreline and average doses were calculated. Mean centreline doses
were calculated at the vertical and horizontal centreline of the plume. The centreline dose is
representative of the highest mean anticipated individual dose in any sector at a given dis-
tance from the reactor. However, most individuals would experience average doses as they are
assumed to be located outside of the horizontal and vertical centreline of the radioactive plume
where the wind is blowing.

2.5. Provincial nuclear emergency response plan (PNERP)

Generic criteria are specified in the PNERP; they are expressed as dose levels in millisievert
(mSv) over a specified time interval which, when exceeded, signal that protective actions are
warranted (table 2). Centreline doses are compared to the generic criteria in order to make
decisions with regards to the appropriate protective action.

Planning zones define the areas beyond the boundary of a reactor facility, in which imple-
mentation of operational and protective actions are, or might be, required during a nuclear
emergency, in order to protect public health, safety, and the environment.

The planning zones outlined in the PNERP include a detailed planning zone (0–10 km),
a contingency planning zone (10–20 km), a sub-zone A ingestion planning zone (20–30 km)
and a subzone B ingestion planning zone (30–50 km) (see figure 1) [9]. The two sub-zones for
ingestion planning are grouped together here.

Currently, KI pills are pre-distributed within the detailed planning zone surrounding the
Darlington NPP [9]. Within the contingency and ingestion planning zones, KI pills are avail-
able upon request and the province maintains stockpiles for potential targeted emergency dis-
tribution. Given that the effectiveness of iodine thyroid blocking is highly time sensitive, no
credit was given to this dose reduction strategy outside of the detailed planning zone. It is
recognised that this assumption underestimates potential dose reduction strategies available
and subsequently overestimates thyroid cancer risk in the contingency and ingestion planning
zones. It highlights the importance of availability of KI pills in all of the planning zones.

2.6. Assumptions on the effectiveness of mitigation measures

We applied protective actions systematically starting with evacuation, then sheltering, fol-
lowed by iodine thyroid blocking based on centreline doses. Mitigated doses are the doses
experienced after taking into account all protective actions; also referred to as received dose.
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Figure 1. Planning zones as specified in the 2017 PNERP [9].

Evacuation was assumed to be 100% effective with evacuated individuals receiving no radi-
ation dose. This assumption was supported by the latest evacuation time estimate study which
considered 700 unique evacuation runs [21]. The report indicates that the 100th percentile (i.e.
worst case) could take approximately 12 h to evacuate the designated planning zone (i.e. 10 km
from the NPP), which has 130 781 permanent residents. The evacuation time estimate of 12 h
falls well within the 24 h hold-up time assumed for this study. A 20% dose reduction factor was
applied to the thyroid dose to account for sheltering; this value is consistent with the MACCS2
emphasis on the pathways of most relevance in the first seven days following a release [19].
Despite being sheltered, those individuals in addition to some individuals where sheltering
was not necessary, would be advised to take KI pills as their projected thyroid doses exceeded
the generic criteria for iodine thyroid blocking. For those with KI pills in their possession due
to pre-distribution within the detailed planning zone, ingestion was assumed to occur within
one hour of the exposure (as instructed by the medical officer of health) and therefore to be
100% effective in blocking the uptake of radioactive iodine [22].

2.7. Estimation of thyroid cancer risks

We focused our study on projecting thyroid cancer risk given the radionuclides in the source
term considered here as well as findings from past accidents. Estimation of thyroid cancer risk
was performed using the NCI’s radiation risk assessment tool RadRAT; this tool is described
elsewhere [13]. The authors determined that the reference population used in RadRAT could
provide reasonable risk estimates for a population within the province of Ontario, given the
comparable cancer incidence rates observed between the United States, Canada, and Ontario
(table 3) [23, 24].

Briefly, risks are given as excess future risk (i.e. attributable to radiation) and the baseline
future risk (i.e. risk in the absence of exposure to radiation). The RadRAT program estimates
lifetime risk of incident cancer per 100 000 and provides 90% confidence intervals (CI). Given
the selected parameters, excess future risk (i.e. the risk from 2019 to the end of the expected
lifetime) is equivalent to lifetime risk (i.e. the risk from the time of exposure to the end of the
expected life).

For consistency with the dose assessment, we used a 30-year-old male for the human health
risk assessment. Based on the modelled 30-year-old male dose, we derived a dose estimate
for the childhood thyroid using ICRP dose conversion coefficients (doses per unit intake),
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assuming a one-year-old female to represent the most critical receptor. We determined the
ratio of the adult thyroid dose to infants taking into account exposure and breathing rates.
Adult thyroid doses were multiplied by a factor of 2.3 [25] to obtain a thyroid dose for the
one-year-old female child. The data inputs for RadRAT include gender (male or female), year
of birth (2018 or 1989, respectively for a one-year-old or a 30-year-old at age of exposure),
exposure year (2019), exposure rate (acute), organ (thyroid), type of distribution (fixed value),
and absorbed dose in milligray (mGy). For the purposes of this study, mSv and mGy are con-
sidered to be equivalent.

3. Results

3.1. Dose assessment prior to mitigation measures

The mean of both the centreline and average doses were provided by OPG. Some centreline
doses modelled exceed the generic criteria outlined in table 2, requiring implementation of
various protective actions for both accident scenarios (table 4). None of the modelled average
doses (table 5) exceed any generic criteria.

The generic criteria for evacuation is exceeded at 1 km for both accident scenarios. The
generic criteria for sheltering is exceeded at 12 km for the single-unit scenario, and at 3 km
for the multi-unit scenario. Given the structure of the ring sectors (i.e. 12 km represents 8 km
to 16 km), the generic criteria for sheltering may be exceeded beyond the detailed planning
zone. The generic criteria for iodine thyroid blocking is exceeded as far as 36 km for the single-
unit scenario and 12 km for the multi-unit scenario. The exceedance of the generic criteria for
iodine thyroid blocking is limited to the ingestion planning zone (<50 km from the NPP).

The single-unit scenario results in larger doses, despite the smaller source term, due in part
to the short one hour release duration (with contribution from noble gases not present due
to decay in the longer release scenario) as well as the constant wind speed and direction. The
single-unit scenario therefore requires the application of protective actions to a greater distance
when compared to the multi-unit scenario.

3.2. Human health risk assessment

Tables 6 and 8 show estimates of excess future risk of developing thyroid cancer as an adult
for the single- and multi-unit scenarios, respectively. Tables 7 and 9 show estimates of excess
future risk of developing childhood thyroid cancer for the single- and multi-unit scenarios
respectively. Both the centreline and average mitigated doses are used for the risk calculations
from 0 to 100 km from the NPP. The baseline future risk is also provided in tables 6–9, it is
1 077 out of 100 000 for childhood thyroid cancer, and 366 out of 100 000 for adult thyroid
cancer.

4. Discussion

We projected thyroid cancer risk following two hypothetical severe accident scenarios occur-
ring at the Darlington NPP. These projected risks were based onmitigated doses determined by
effective implementation of protective actions within the detailed planning zone. Doses were
modelled for a 30-year-old male and then estimated for a one-year-old female using ICRP dose
coefficients. The risk of developing thyroid cancer as an adult were projected to be very low
for both scenarios and are not discussed further. We also examined risks for other age and sex
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groups (data not shown). There was minimal difference in the risk estimates of a five-year-
old female compared to the one-year-old female. The risks for five- and one-year-old males
were an order of magnitude lower than that of the corresponding females, as expected, given
the prevalence of thyroid cancer in Canada [26]. For this reason, we focused the following
discussion on the one-year-old female to represent the most critical receptor.

4.1. Single-unit scenario

Themitigated centreline doses for the single-unit scenario exceeded the generic criteria for iod-
ine thyroid blocking beyond the detailed planning zone. Subsequently, the estimated excess
future risk of developing childhood thyroid cancer is elevated between 10 km and 50 km in
comparison to the baseline future risk. This is a consequence of KI pills not being credited
beyond the detailed planning zone. The projected doses were below the generic criteria for
iodine thyroid blocking, resulting in low risk beyond 50 km. The excess future risk of devel-
oping childhood thyroid cancer was projected to be approximately 600% compared to the
baseline for children at the 12 km radius using centreline doses. This estimate was derived
for a one-year-old female as the most critical receptor and thus represents the higher end of
risk projection. A combined excess future risk for all children in this scenario is expected to
be much lower. At the 40 km radius, the excess risk fell to approximately 40% compared
to the baseline when considering centreline doses. As expected, the projected excess future
risk of developing childhood thyroid cancer is lower when considering average doses varying
between 10% and 1% compared to the baseline, at 12 and 40 km respectively. The elevated
risks associated with the centreline doses are representative of the highest mean anticipated
individual dose, however most people would experience the much lower risks associated with
average doses.

4.2. Multi-unit scenario

The mitigated centreline doses for the multi-unit scenario fall below the generic criteria for
iodine thyroid blocking beyond the detailed planning zone, with the exception of the 12 km
ring. Subsequently, the estimated excess future risk of developing childhood thyroid cancer is
lower in this scenario compared to the single-unit scenario. The excess future risk was projec-
ted to be approximately 130% compared to the baseline for children at the 12 km radius using
centreline doses. At the 40 km radius, the excess risk fell to approximately 10% compared to
the baseline when considering centreline doses. Again, the projected increased risk in develop-
ing childhood thyroid cancer is lower when considering average doses varying between 34%
and 3% compared to the baseline, at 12 and 40 km respectively. These findings are also a
consequence of KI pills not being credited beyond the detailed planning zone.

4.3. KI pills

During a real emergency, protective action decisions would be taken considering the most
critical receptor. Specifically for iodine thyroid blocking, children would likely experience
greater thyroid doses than adults, thus driving decisions to implement that protective action.

Based on the evidence from the lifespan studies of the atomic bomb survivors, the risk
of developing thyroid cancer among those exposed as adults is very low [27]. Following the
Chernobyl and the more recent Fukushima-Daiichi nuclear accidents, many jurisdictions con-
ducted reviews of their nuclear ERPs and recognised the effectiveness of KI pills in blocking
the uptake of radioactive iodine and subsequently preventing thyroid cancer. Specifically, some
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jurisdictions (e.g. Switzerland, France, Netherlands, and Sweden) have pre-distributed KI pills
to the population beyond 10 km from the NPP [28]. In a public health context, administration
of KI pills is an effective protective action that carries negligible non-radiological health risks
when taken for short periods of time. However, prolonged intake of KI pills may carry greater
risk [22]. It should be noted that KI pills only protect the thyroid gland from radioactive iodine
and do not offer any protection from exposure to other radionuclides, or other organs.

In our study, focusing on the child, iodine thyroid blocking is required in both accident scen-
arios outside of the detailed planning zone (i.e. beyond 10 km of the NPP), and does not exceed
the ingestion planning zone (up to 50 km from the NPP). The mandatory pre-distribution of
KI pills protects the population within the detailed planning zone. These results highlight the
effectiveness and importance of this protective action when evacuation and sheltering are not
used in conjunction with iodine thyroid blocking. Detailed plans for targeted emergency distri-
bution of KI pills in the contingency and ingestion planning zones could potentially eliminate
any residual thyroid cancer risk for the vulnerable child population as reported here.

4.4. Psychosocial issues

Thyroid cancer has been a primary cancer outcome from past accidents, which is the reason
we focused our study on projecting thyroid cancer risk. However, lessons learned from the
Chernobyl and Fukushima-Daiichi accidents indicate that non-cancer endpoints (e.g. heart
disease, high blood pressure, mental health, and psychosocial issues) could outweigh the bur-
den of disease (i.e. cancer) in the exposed population [5, 29]. Specifically, the impact on the
Japanese people after the triple disaster include post-traumatic stress responses, chronic anxi-
ety and guilt, ambiguous sense of loss experienced, separated families and communities, as
well as self-stigma [30]. These non-radiological health impacts or psychosocial issues were
not assessed in this study. However, given these observed effects, robust emergency manage-
ment frameworks should include detailed plans for medical care, mental health care, public
health and prevention of lifestyle diseases, effective crisis and risk communication and social
assistance for community coherence [31].

4.5. Strengths and limitations

The major limitation of this study is the short, seven day exposure period modelled in the
MACCS2 code. Doses incurred beyond the first seven days following a nuclear accident could
provide a more accurate assessment of the increased thyroid cancer risk. Also, the results
should be considered in light of the limitations in the use of averaged meteorological data
which was based on available data and the Gaussian dispersion model. The MACCS2 code
should be applied with caution at distances greater than 16 to 24 km. The results presented
in this study represent the risks from the accident scenarios considered and could vary signi-
ficantly if protective actions were applied differently. The hold-up and release times are also
major factors impacting the dose assessment. However, the assumptions made for this study
were straightforward, systematic, and reasonable in order to evaluate the health impact from
different hypothetical severe nuclear accident scenarios.

The major strengths of this study include the use of reactor-specific source term, detailed
population statistics, and site-specific meteorological data and the use of an existing provincial
nuclear ERP. Additional conservatism is built into the study through the use of the MACCS2
code with the application of the straight-line Gaussian plume and initial ground-level release.
These assumptions resulted in conservative estimates of pollutant concentrations which were
used to estimate dose. Lastly, the risk models used in RadRAT are robust, built upon those
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developed by the Biological Effects of Ionizing Radiation Committee which were based on
the life span studies of the atomic bomb survivors [32].

5. Conclusions

The results of this study provide insights into the effectiveness of protective actions in redu-
cing radiation-related thyroid cancer risk through modelling hypothetical severe nuclear acci-
dents. Implementation of select protective actions described in the current PNERP protects
the population living near the Darlington NPP for the accident scenarios assessed here. The
projected increased thyroid cancer risk for children living between 10 and 50 km could poten-
tially be eliminated with emergency distribution of KI pills prior to any radioactive material
being released from the NPP, as specified in the PNERP. Future studies could substantiate our
conclusions by evaluating different accident scenarios including hold-up and release times, dif-
ferent age categories, and changing some of the assumptions surrounding emergency response
and exposure time. Future studies may also wish to consider changes in meteorology as a res-
ult of climate change, or consider extreme meteorological events (i.e. tornados, high winds,
flooding) as bounding scenarios.

By comparing excess future thyroid cancer risk to baseline future risks, we were able to
place the consequences of radiation exposure from a nuclear accident into a public health con-
text by considering the implementation of protective actions. During an emergency exposure
situation, authorities having jurisdiction have the important role of balancing and assessing
all adverse health impacts (including psychosocial impacts) when implementing protective
actions to obtain the optimal level of protection for the affected population.
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