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Foreword

by Jack Gibbons, Chair OCAA

This report considers what would happen if a serious nuclear accident, simi-
lar in extent to what took place in Fukushima, Japan in March 2011, were to 
occur at the Pickering Nuclear Station just east of Toronto.  In other words, 
what would happen if similar levels of radiation and a similar fallout distri-
bution pattern occurred after an accident at Pickering? 

The answer is alarming.  The modelling done by radiation expert Dr. Ian Fair-
lie finds that an estimated 26,000 cancer cases would arise over subsequent 
years, of which roughly half would be fatal.  Large areas of the Greater To-
ronto Area, including potentially Pickering, Markham, Newmarket, Aurora 
and northern Scarborough, would need to be evacuated and would become 
uninhabitable in some cases for 100 years or more.  

Major transportation links, including Highways 401, 404 and 407 and the CN / 
CP / GO Transit rail lines would now pass through heavily contaminated “no 
go” areas, probably requiring massively expensive re-routing or detours.  
Meanwhile, thousands of residents would essentially lose their homes with 
evacuation and no-entry periods ranging from 30 to more than 100 years 
affecting access to more than 154,000 homes. The economic losses of these 
uninsured housing losses (homeowner insurance does not cover nuclear ac-
cidents and Ontario Power Generation’s liability is capped at $1 billion1) 
would exceed $125 billion. Of course, the economic consequences would 
extend far beyond these housing losses, with all economic activity grinding 
to a halt in a major part of the eastern Greater Toronto Area. 

It is important to note that the exact chain of events that led to the Fuku-
shima disaster does not have to be replicated to result in an accident of 
a similar scale here.  Nuclear energy, by its very nature, presents extraor-
dinarily high consequences for failure. Assurances that “it can never hap-
pen here” should be contrasted with the surprising regularity of nuclear 
accidents, with one major accident occurring roughly every 10 years world-
wide.2  This unfortunate history, of course, started with a major accident at 
the Chalk River reactor in Ontario in 1952.3 (For a full list of the many acci-
dents at nuclear plants around the world, see https://en.wikipedia.org/wiki/
List_of_nuclear_power_accidents_by_country)

A common theme in these and many other high impact, low probability 
events (such as airplane crashes) is human error.  For example, one study 
concerning the failure of valves in nuclear reactors reported that “human 
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error was responsible for 47.4% of the failures in Boiling Water Reactors and 
45.7% in Pressurised Water Reactors. The main causes of failure were design 
and maintenance errors. Administration, fabrication, installation, and op-
erator errors were the other human causes of valve failure.”4

The Pickering Nuclear Station is the fourth oldest nuclear stations in North 
America and one of the largest.5  It relies on systems – including computer 
systems – designed in the 1960s and ‘70s.  Many experts have noted that the 
plant has fundamental design flaws that would be unacceptable in newer 
facilities, a positive void coefficient and a shared containment system for 
multiple reactors that leaves it prone to the kind of cascading failures that 
devastated Fukushima. (See http://www.cleanairalliance.org/pickering-safe-
ty/ for more on the plant’s safety issues, including how its design could lead 
to a nuclear chain reaction dangerously speeding up when there is a loss of 
coolant accident).

The Pickering Station is surrounded by more people (within 30 km) than any 
other nuclear plant on the continent.6 It is also on the shores of Lake Ontar-
io, an interconnected Great Lake that supplies millions of people with drink-
ing water.  It is highly questionable whether such a plant would ever be built 
in a location like this today.  That is partly because we also understand the 
growing range of threats to such high-risk facilities, including cyberattacks.  
For example, the U.S. Department of Homeland Security issued an urgent re-
port in July 2017 warning that hackers had targeted the Wolf Creek Nuclear 
Operating Corporation, which runs a nuclear power plant in Kansas.7

The Pickering Nuclear Station also has the highest operating costs of any 
nuclear plant in North America,8 so the fundamental question becomes is it 
worth the risk of continuing to operate this aging plant?  This question is 
especially pertinent given that demand for electricity in Ontario has been 
steadily dropping for the last decade – demand has fallen by the equivalent 
of the power needed to supply all the homes in the City of Toronto twice 
over since 2005.9  Currently, roughly half of the power Pickering produces is 
exported out of province, often at a loss.10 

Meanwhile, the Province of Quebec has made it very clear that it is inter-
ested in making a deal to supply Ontario with safe, waste-free water power. 
In the summer of 2017, it was reported that Hydro Quebec had offered On-
tario power for 20 years at a cost of five cents a kilowatt hour (kWh).11  This 
is roughly half of Pickering’s current per kWh operating cost and roughly 
a third of what Ontario Power Generation (OPG) is seeking to be paid for 
power from rebuilt or extended-life reactors at Pickering and Darlington.  
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In January 2018, Hydro Quebec signed a deal to supply Massachusetts with 
power at a cost of 3 to 5.3 cents per kWh.12  The CEO of Hydro Quebec stated 
at the time that the company would be pleased to make a similar deal with 
Ontario.  Meanwhile costs for other sources of renewable energy continue 
to fall.  The Province of Alberta, for example, recently received bids to sup-
ply wind power at a rock bottom cost of 3.7 cents per kWh.13  This is even 
lower than the 6.3 cents Quebec agreed to pay in its last wind power auc-
tion, an example of the trend toward ever lower costs for solar and wind.  In 
Ontario, meanwhile, the Independent Electricity System Operators reports 
that energy efficiency savings cost it 2.2 cents per kWh in 2016 and projects 
that there remains massive potential to increase efficiency.14 

The consequences of a major accident at the Pickering would be severe.  
Safer and less expensive options for meeting our power needs are readily 
available. There seems little reason to continue operating a high-risk facility 
that has already surpassed its design life. It is time to stop risking lives and 
turn to safer alternatives.
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tion-act.cfm

2 https://en.wikipedia.org/wiki/List_of_nuclear_power_accidents_by_country                                        
See also https://nuclear-energy.net/nuclear-accidents

3 https://nuclear-energy.net/nuclear-accidents/chalk-river.html

4 http://158.132.155.107/posh97/private/Dissertation_resources/Human_factors/Human_er-
rors.html
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Executive Summary

This report examines what would happen if a serious nuclear accident, similar in 
extent to that at Fukushima, Japan in March 2011, were to occur at the Pickering 
Nuclear Station east of Toronto.  In this report, we have modeled what would happen 
if similar amounts of radioactivity were released and a similar fallout distribution 
pattern occurred after an accident at Pickering.

Our models estimate that 26,000 cancer cases would arise over subsequent years, of 
which approximately half would be fatal. Large areas of the Greater Toronto Area, 
including Pickering, Markham, Newmarket, Aurora and northern Scarborough, 
would need to be evacuated and would become uninhabitable in some cases for 100 
years or more.  

We used very conservative assumptions in determining these estimates, for example 
excluding health impacts such as thyroid cancers and radiation-related strokes and 
cardiovascular illnesses for which widely accepted risk factors are not available. We 
also only partially accounted for the higher risks faced by women and did not factor 
in the higher risks for children and older people when exposed to radiation. We also 
assumed that areas with the highest exposures would remain effectively evacuated.

However, even with these conservative assumptions, our estimate of cancer cases 
is significantly higher than for Fukushima for the simple reason that the Pickering 
NGS is located in a large, densely populated urban area while Fukushima Prefecture 
is largely rural.  

Fukushima also benefitted from winds that, at the time of the accident, were blowing 
out to sea.  For Pickering, similar winds could blow radioactivity out across Lake 
Ontario, but the fallout for surrounding and cross-lake populations would still be 
dire. And given that 2.2 million people live within 30 kilometres of the plant, we can 
confidently say that there are likely no scenarios under which a Fukushima-scale 
accident would not have severe consequences.

As it is, our models also estimate that more than 154,000 houses would be affected by 
evacuation orders and re-entry prohibitions lasting from 30 to more than 100 years. 
Hundreds of thousands of residents would lose their homes.  The economic value of 
single residence house losses alone is estimated to exceed $125 billion. Of course, the 
economic consequences would extend far beyond the loss of homes.  

We conclude that the continued operation of the Pickering NGS creates a “hostage 
to fortune” situation for everyone in Ontario. The Ontario Government has the clear 
duty to protect its citizens from the very serious consequences that would arise if a 
Fukushima-level accident were to occur at the Pickering NGS. 
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1. Introduction

This report examines what would happen in Ontario should a Fukushima-level nuclear 
accident occur at the Pickering Nuclear Generating Station (PNGS). The six operating 
reactors at Pickering NGS have lengthy histories of accidents, serious leaks, poor 
performance, and high operating costs. Many concerns have been expressed that there are 
more people within 30 kilometres of the PNGS than any other nuclear station in North 
America. In fact, it lies within the Greater Toronto Area with a population exceeding 6 
million people (Statistics Canada, 2017). 

In 2014, the German Government’s Strahlengschutzkommission (SSK – German 
Commission on Radiological Protection) called1 for contingency planning for “accidents 
whose radiological effects mirror those of Fukushima.” Accordingly, this report will 
discuss the consequences of a serious nuclear accident, similar to that at Fukushima, 
Japan in 2011, occurring at Pickering. In particular, it assumes that the same amounts 
of fallout that actually occurred in Japan would be distributed over the Greater Toronto 
Area (GTA).

It is reasonable to do this as the situations at Pickering and Fukushima have many features 
in common: 

•	 The Fukushima nuclear power station had six reactors; Pickering has six operating 
reactors and two that have been idled and defueled. At Fukushima, three reactors 
were on line at the time of the accident. At Pickering NGS, all six operational reactors 
could be operating at any given time.

•	 The three Fukushima nuclear units that exploded had generating capacities of 440, 
780 and 780 MW, for a total of 2,000 MW. The net in-service capacity of the Pickering 
Nuclear Generating Station currently is 3,094 MW2 

•	 Located beside large bodies of water

•	 Located in areas with mainly flat topographies

•	 Large quantity of zirconium alloy cladding present (the cause of H2 explosions) 

•	 No protection against hydrogen detonations (as at Fukushima)

•	 Very old reactors past their design operating lifetimes, and

•	 Operating within a government nuclear culture and a closed management system 
that does not acknowledge high levels of nuclear risks.

The report assumes a major nuclear accident at Pickering would release the same quantity 
of radioactivity as the Fukushima accident in 2011. It assumes the same weather patterns 
that occurred in Japan and the same deposition patterns. Based on these parameters, we 
then superimposed the radioactive fallout pattern from Fukushima on Southern Ontario, 
centred on Pickering NGS, to map potential fallout areas here.  Our maps are based on 
radioactive fallout maps created by independent Japanese scientists and by the Japanese 
Government from official Japanese fallout data. 

1  https://www.ssk.de/SharedDocs/
Beratungsergebnisse_E/2014/
Notfallmassnahmen_e.html
2  Ontario Energy Board Docket No. 
EB-2016-0152, Exhibit A, Tab 4, 
Schedule 3, Page 2
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The use of maps to illustrate the effects of nuclear accidents is neither new nor 
unprecedented.  For example, as we shall show below, many maps were published of 
the radioactive fallout at Fukushima. In addition the 2006 TORCH Report (cricket.biol.
sc.edu/chernobyl/papers/TORCH.pdf) shows several official maps of the radioactive 
fallout from the Chernobyl nuclear catastrophe in 1986, which affected much of Europe 
and eventually travelled right around the world. 

More recently, Professor Frank von Hippel, senior research physicist at Princeton 
University, Dr. Michael Schoeppner, former postdoctoral researcher at Princeton, and Dr. 
Edwin Lyman,  senior scientist at the U.S. Union of Concerned Scientists co-authored a 
paper (www.sciencemag.org/news/2016/05/spent-fuel-fire-us-soil-could-dwarf-impact-
fukushima) that modelled the serious effects of hypothetical radionuclide releases if 
an accident were to occur at U.S. nuclear fuel storage sites. This paper contained maps 
illustrating the radioactive plumes across northeast United States (www.tandfonline.
com/doi/full/10.1080/08929882.2017.1318561).

Our report also estimates the collective doses and the numbers of cancer cases and fatal 
cancers arising from a Fukushima-style accident as if this had occurred at Pickering. 
It also estimates the time periods that heavily contaminated areas would need to be 
evacuated, and the losses in market values of single residence homes located in the long-
term evacuation zones.

http://cricket.biol.sc.edu/chernobyl/papers/TORCH.pdf
http://cricket.biol.sc.edu/chernobyl/papers/TORCH.pdf
http://www.sciencemag.org/news/2016/05/spent-fuel-fire-us-soil-could-dwarf-impact-fukushima
http://www.sciencemag.org/news/2016/05/spent-fuel-fire-us-soil-could-dwarf-impact-fukushima
http://www.tandfonline.com/doi/full/10.1080/08929882.2017.1318561
http://www.tandfonline.com/doi/full/10.1080/08929882.2017.1318561
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2. What Happened at Fukushima?

On March 11, 2011, the Great Tōhoku earthquake, with a magnitude of 9.0 - 9.1 on the 
Richter scale, occurred in the Pacific Ocean about 120 kilometres from the Fukushima 
Daiichi Nuclear Power Plant in Japan. This initiated huge tsunamis, about 15 metres high, 
which swamped the power station 40 minutes later. 

Immediately after the earthquake, the three operating reactors were shut down, due to the 
cessation of electricity supplies to and from the Japanese grid as a result of the earthquake. 
However large amounts of heat continued to be generated by radioactive decay of the 
nuclear fuel. The following tsunami then flooded the basements of the reactor buildings, 
thereby disabling the emergency generators needed for powering the pumps to cool 
the reactors. From March 12th-15th, the insufficient cooling led to a series of hydrogen 
explosions,3 large scale releases of radioactive aerosols, gases and other material, and 
nuclear meltdowns in Units 1, 2, and 3. Loss of cooling also caused the storage pool for 
spent fuel at Unit 4 to overheat on March 15th due to decay heat from its spent fuel rods. 

In July 2012, the Japanese Parliament established the Fukushima Nuclear Accident 
Independent Investigation Commission,4 which found that the causes of the accident had 
been foreseeable and that the plant operator, Tokyo Electric Power Company (TEPCO), 
had failed to meet basic safety requirements such as risk assessment, preparing for 
containing collateral damage, and developing evacuation plans. 

In October 2012, TEPCO admitted that it had failed to take necessary measures for fear 
of inviting lawsuits or provoking protests against its nuclear plants. A large number of 
lawsuits against TEPCO and the Japanese Government are currently winding their way 
through the Japanese courts.

3  The precise nature of these explo-
sions remains a matter of debate.
4  https://reliefweb.int/sites/reliefweb.
int/files/resources/NAIIC_report_lo_
res2.pdf

Destroyed reactors at Fukushima
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Almost seven years later, the accident is continuing. TEPCO is still spraying cooling water 
on the destroyed reactors in order to avert further explosions. Neither TEPCO nor the 
Japanese Government knows the precise whereabouts or the conditions of most of the 
melted fuels inside or under the ruined reactors. TEPCO is still discharging contaminated 
cooling water into the Pacific Ocean. 

The toll from the Fukushima nuclear disaster is high. 

•	 Over 160,000 people5 were evacuated from the most contaminated areas. The Japanese 
Government is currently trying to force evacuees to return to their contaminated 
homes by threatening financial penalties, albeit with little success.

•	 Many cases of post-traumatic stress disorder (PTSD), depression, anxiety disorders 
and suicides arose from the evacuations themselves.

•	 Approximately 12,000 workers6 were exposed to high radiation levels.

•	 From UNSCEAR data7, it can be estimated that approximately 5,000 fatal cancers 
will arise in future from radiation exposures, plus similarly high rates of radiogenic 
strokes, cardiovascular diseases and hereditary diseases.

•	 An as yet unquantified number of thyroid cancers is expected to arise.

•	 Official figures reveal that between 2011 and 2015 about 2,000 deaths occurred from 
the radiation-related evacuations due to ill-health and suicides, especially among 
elderly people.8

•	 8% of Japan’s land area (30,000 km2), including parts of Tokyo, were contaminated.9

•	 Economic losses have been authoritatively estimated10 at more than U.S. $188 billion. 

Despite this high toll, Japan was actually lucky in terms of radiation exposures as over 
80% of the radioactive emissions from the reactors were carried by prevailing winds out 
to sea: only 20% fell on land.11 If 100% of the radioactive emissions had landed on the 
Japanese mainland, the toll would have been much greater. 

5  http://www.ianfairlie.org/wp-
content/uploads/2015/08/Summing-
up-the-Effects-of-the-Fukushima-
Nuclear-Disaster-10.pdf
6  Fukushima Nuclear Accident Inde-
pendent Investigation Commission 
https://reliefweb.int/sites/reliefweb.
int/files/resources/NAIIC_report_lo_
res2.pdf
7  http://www.unscear.org/docs/re-
ports/2013/13-85418_Report_2013_
Annex_A.pdf
8  http://www.reconstruction.
go.jp/topics/main-cat2/sub-
cat2-1/20141226_kanrenshi.pdf
9  http://www.unscear.org/docs/re-
ports/2013/13-85418_Report_2013_
Annex_A.pdf
10  https://www.reuters.com/article/
us-tepco-fukushima-costs/japan-
nearly-doubles-fukushima-disaster-
related-cost-to-188-billion-idUSK-
BN13Y047
11  thereby contaminating the offshore 
U.S. aircraft carrier USS Ronald 
Reagan and its ~3,000 crew. 

Radioactive water storage tanks
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3. Radiation Exposures to the Japanese 
People

Japanese people were exposed to radiation in two separate time periods: during the first 
pass of the radioactive plumes; and over subsequent years from the radioactive fallout 
deposited on the ground.

During the First Pass 
The first pass occurred when radioactive plumes12 from the stricken reactors passed 
through populated areas. These plumes consisted of radioactive gases, vapours and 
volatilised solids such as tritium, carbon-14, cesium-137, etc. (see www.who.int/ionizing_
radiation/a_e/fukushima/faqs-fukushima/en/).

People living in the paths of these plumes were exposed to radiation in a variety of ways:

•	 Via external radiation (gamma radiation, beta radiation)

•	 Direct radiation from the radioactive gases in the plume 

•	 Direct radiation from fallout deposited on the ground (mainly Cs-134, Cs-137)

•	 Direct radiation from re-suspension and re-deposition of fallout

•	 Via internal radiation (mostly beta radiation)

•	 Inhalation of radioactive gases (e.g. H-3 [tritium], C-14, I-131, Xe-133, Xe-135, Kr-
85) and vapours in the passing plume 

•	 Inhalation of fallout re-suspended by natural and man-made processes

•	 Absorption of radioactivity through the skin (tritium and C-14)13

•	 Ingestion of radioactively contaminated food and water (tritium and C-14)14

During Subsequent Years
After the plumes have passed and deposited their fallouts, people can be exposed to 
continuing radiation mainly from Cs-137 and Cs-134 which have relatively long half-lives 
(30.1 and 2.06 years, respectively) and which were volatilised in large amounts during the 
Fukushima accident. 

The main exposures are from the direct radiation emanating from the plume’s fallout 
deposited on the ground, with smaller exposures from the inhalation of ground matter 
re-suspended by natural and man-made processes, and from the ingestion of food and 
water contaminated by re-suspended fallout.

12  Contrary to what many people 
assume, the plumes resulted when 
the reactors were deliberately vented 
by TEPCO to avoid explosions, and 
not from the explosions themselves 
at the units.
13  https://www.voanews.com/a/
japan-fukushim-tritium-contaminat-
ed-water-into-pacific/3995414.html
14  https://www.nature.com/articles/
srep36947
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http://www.who.int/ionizing_radiation/a_e/fukushima/faqs-fukushima/en/
http://www.who.int/ionizing_radiation/a_e/fukushima/faqs-fukushima/en/
https://www.voanews.com/a/japan-fukushim-tritium-contaminated-water-into-pacific/3995414.html
https://www.voanews.com/a/japan-fukushim-tritium-contaminated-water-into-pacific/3995414.html
https://www.voanews.com/a/japan-fukushim-tritium-contaminated-water-into-pacific/3995414.html
https://www.nature.com/articles/srep36947
https://www.nature.com/articles/srep36947
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Exposures also result from the many hundreds of poorly managed “bag farms” (see 
back cover photo), which contain radioactive topsoil, from radioactive waste sites, from 
municipal waste incinerator emissions, and from consumption of contaminated wild 
foods such as boar, mushrooms and fish. 

These exposures can continue for years and even decades,15 as discussed in section 9.

15  http://www.ianfairlie.org/news/
new-unscear-report-on-fukushima-
collective-doses/#_ftn1
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4. Could a Major Nuclear Accident 
Happen at Pickering?

The Fukushima catastrophe was due to the coincidence of two main factors. First, rare 
events of nature (i.e., a force 9.0 earthquake and its accompanying tsunami) and, second, 
the technical vulnerability of the Fukushima reactors to these events. 

As regards to the first matter, possible events include earthquakes, extreme weather 
occurrences, malevolent (terrorist) attacks, airplane crashes, electromagnetic pulses from 
the sun, and electricity blackouts.

On plane crashes, in 2008 the Canadian Nuclear Safety Commission (CNSC, 2008) 
severely questioned Ontario Power Generation (OPG) on the matter. It “…asked OPG if 
it had considered the probability of an aircraft crash near the Pickering B nuclear plant. 
OPG answered that this type of question was not of public domain but added that this 
scenario and its impact were considered. To a second question from the Commission to 
find out if there was a no-fly zone over PNGS, OPG answered negatively. OPG added that 
the level of risk or frequency of an airplane accident did not require such a consideration.”16

On seismic risks, in 2011, the CNSC acknowledged that potential seismic risks exist near 
Pickering and Darlington Nuclear Generating Stations and acknowledged that in recent 
years they had both experienced minor damage due to low magnitude earthquakes (CBC 
News, 2011).

Small earthquakes (below magnitude 3 on the Richter scale) occur regularly in Lake 
Ontario near the Pickering and Darlington nuclear stations. As stated above, according to 
the CNSC (CBC News 2011, 2013) larger earthquakes (above magnitude 3) have already 
caused noticeable damage to these stations. The St. Lawrence Rift Zone runs under Lake 
Ontario, and independent Ontario seismologists have stated that seismic hazards along 
the St. Lawrence Rift Zone are underestimated (Wallach et al 1998, p.763). CNSC and 
OPG claim that emergency plans exist for these earthquakes. 

As regards to the second matter of reactor vulnerability, potential matters include human 
error, reactor design flaws, reactor malfunctions, the growing risk of cyberattacks and 
the old age (>40 years) of the reactors. If a nuclear accident or accidents were to occur 
at Pickering, the consequences would depend on the circumstances of the accident, 
the number of reactors online at the time of the accident, how long the reactors had 
been operating since they were last refuelled, and crucially, on the wind directions and 
strengths at the time of the accident and for days afterwards. 

It is important to note however that this study does NOT make any assumptions or develop 
any scenarios regarding a specific possible accident at Pickering. Instead it uses actual 
Japanese fallout patterns, weather patterns and published dose contours and transplants 
these to Ontario, centred on Pickering.

16  http://www.suretenucleaire.gc.ca/
eng/the-commission/pdf/2008-
12-10-Decision-PickeringB-e-Ed-
ocs3330500.pdf see pp. 17; 75.

http://www.suretenucleaire.gc.ca/eng/the-commission/pdf/2008-12-10-Decision-PickeringB-e-Edocs3330500.pdf
http://www.suretenucleaire.gc.ca/eng/the-commission/pdf/2008-12-10-Decision-PickeringB-e-Edocs3330500.pdf
http://www.suretenucleaire.gc.ca/eng/the-commission/pdf/2008-12-10-Decision-PickeringB-e-Edocs3330500.pdf
http://www.suretenucleaire.gc.ca/eng/the-commission/pdf/2008-12-10-Decision-PickeringB-e-Edocs3330500.pdf
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At 47 years old, the Pickering Nuclear Station is the 4th oldest in North America and the 7th oldest 
in the world.  It has officially exceeded its “design life” and is surrounded by more people (within 30 
kilometres) than any other nuclear plant in North America.
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5. Maps of Radioactive Fallout

If a severe accident were to occur, fallout from the resulting radioactive plumes would 
be deposited downwind of the nuclear station. As stated earlier, fallout patterns are 
best visualised by maps, and many maps of Fukushima’s radioactive fallout have been 
published. 

On the following pages are two dose contour maps of Fukushima’s radioactive fallout that 
have been superimposed on Southern Ontario. The first, Figure 1, shows the contours of 
lower (pale blue) doses and the second, Figure 2, the contours of much higher doses. The 
Japanese maps and the Ontario maps onto which these have been superimposed have 
identical scales and are similar in orientation.

Figure 1 is based on an original map of the contours of radiation doses from Cs-134 and 
Cs-137 fallout in March 2011 created by Professor Yukio Hayakawa, a vulcanologist at 
Gunma University in Japan. He is an acknowledged expert on the mapping of radioactive 
fallout from volcanic eruptions and is independent of the nuclear industry. His own map 
of Fukushima fallout can be found at kipuka.blog70.fc2.com/blog-entry-418.html. The 
Japanese map showing simplified dose contours (dark green and magenta) can be found 
at i.pinimg.com/originals/d6/67/0b/d6670b14b39f517832f355ffd38aa317.jpg 

The radiation dose rate from fallout in the pale blue areas lies between 0.25 µSv/hour and 
0.5 µSv/hour (radiation dose units are explained in the box on this page). The radiation 
dose unit here is microsieverts per hour, which is a millionth of a sievert (Sv) per hour. 
However, we need to multiply this by the 8,760 hours in one year to obtain the yearly 
exposure. When we do this, the doses in the pale blue areas lie between 2.5 and 5 mSv in 
the first year and in the magenta area greater than 5 mSv in the first year. 

The range of estimated first year doses (2.5 to 5 mSv) used in this report is broadly 
consistent with the (1.0 to 7.5 mSv) range of first year doses estimated by UNSCEAR 
(2013) for non-evacuated areas of Fukushima Prefecture. 

The fallout data sources from which Professor Hayakawa compiled his dose contour map 
are comprehensive and were obtained from the following sources:

•	 Fallout data from aerial monitoring maps from the Japanese Ministry of Education, 
Culture, Sports, Science and Technology (MEXT) (August 31, 2011 revised version) 

•	 Map plots from the Japanese MEXT (www.nnistar.com/gmap/fukushima.html)

•	 The Hayakawa team’s own detailed measurements in mountainous area (Gunma and 
Tochigi Prefectures)

•	 Horiba scintillator radioactivity measurements 

•	 Local data from a number of individual sources

Radiation Dose Units 
Exposures to radiation 
are usually measured in 
sieverts (Sv). In general 
terms, one Sv means that 
one joule of radiative 
energy has been absorbed 
in one kilogram of tissue. 
This is a very large amount 
of radiation. For example, 
6 Sv is often considered a 
fatal radiation dose.

One millisievert (mSv) is 
equal to one thousandth 
of a sievert. One mSv is 
the annual public limit 
for radiation exposures in 
Canada.

Even this is often too large 
and a smaller unit is used. 
One millionth of a sievert 
is one microsievert (µSv) 
and there are 1,000 µSv in 
a mSv. 

Their relationships are as 
follows: 1 Sv = 1,000 mSv = 
1,000,000 µSv

http://kipuka.blog70.fc2.com/blog-entry-418.html
https://i.pinimg.com/originals/d6/67/0b/d6670b14b39f517832f355ffd38aa317.jpg
http://www.nnistar.com/gmap/fukushima.html
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Credits: Dose contours as discussed in report. Contours reproduced with permission of Dr. Yukio Hayakawa, adapted by Edinburgh Energy and 
Environment Consultancy and Lynx Graphic Design. 

Statistics Canada. Boundary Files. 2006. Published by Statistics Canada. Statistics Canada Catelogue Number 92-160-X2006001. http://
www12.statcan.gc.ca/census-recensement/2011/geo/bound-limit/bound-limit-2006-eng.cfm. Statistics Canada, Boundary Files, 2006. 
Reproduced and distributed on an “as is” basis with the permission of Statistics Canada.

Figure 1: Low Doses (light blue area) 
Fukushima Fallout Centred on Pickering Superimposed on Southern Ontario
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Figure 2: High Doses (red, orange and yellow areas)
Fukushima Fallout Centred on Pickering NGS Superimposed on Toronto and Surrounding Areas

Credits: Dose contours derived from Institut de Radioprotection et de Sûreté Nucléaire Report DRPH/2011-10 (IRSN, 2011) adapted by Edinburgh 
Energy and Environment Consultancy and Lynx Graphic Design.

Statistics Canada. Boundary Files. 2006. Published by Statistics Canada. Statistics Canada Catelogue Number 92-160-X2006001. http://
www12.statcan.gc.ca/census-recensement/2011/geo/bound-limit/bound-limit-2006-eng.cfm. Statistics Canada, Boundary Files, 2006. 
Reproduced and distributed on an “as is” basis with the permission of Statistics Canada.
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The Japanese map created by Professor Yukio Hayakawa reveals the widespread extent of 
fallout from Fukushima, including areas of greater Tokyo. This map is not used on official 
Japanese websites as it shows fallout in areas that Japanese authorities do not include in 
most of their own maps, especially areas in and near Greater Tokyo. The main reason 
for this exclusion is that Japanese radiation authorities prefer not to observe the Linear 
No Threshold model17 of radiation’s effects adhered to by all other radiation authorities 
around the world (i.e., UNSCEAR, WHO, IRSF, ICRP, BEIR VII and CNSC). For this 
reason, the Japanese Government’s Ministry of Education, Culture, Sports, Science and 
Technology (MEXT) refrains from showing doses below 5 mSv per year in its maps. This 
practice is scientifically inaccurate. Such doses should be shown as radiation’s adverse 
effects exist even at very low exposure levels. Accordingly, we have shown them in 
Figure 1.

Figure 2 is ultimately based on an official dose contour map produced during aerial 
monitoring by the U.S. Department of Energy and the Japanese Ministry of Education, 
Culture, Sports, Science and Technology (August 31/2011 revised version available at 
radioactivity.nsr.go.jp/en/contents/4000/3180/24/1304797_0506.pdf).

Unlike Figure 1, in Figure 2 it is reasonable to use official sources as these show doses 
down to 5 mSv per year. The colour legends indicate doses in the first year only. This 
map indicates that, if the Fukushima accident had occurred at Pickering NGS, very high 
radiation exposures would have occurred in Greater Toronto and its surrounding areas.

Assuming the same releases and weather patterns seen at Fukushima occur at Pickering, 
we can use these maps to assess average doses and population numbers affected and 
thereby estimate collective doses and expected numbers of future cancer cases and cancer 
deaths in Ontario. The detailed calculations are shown next. 

17  This assumes that radiogenic harm 
declines linearly with doses all the 
way to zero, without a threshold. In 
other words, there is no ‘safe’ dose of 
radiation.

Over 160,000 people were evacuated in the wake of the Fukushima disaster.
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6. Estimated Collective Doses in the 
Toronto Region (First Year)

The average dose rate in the first year in the light blue areas  in Figure 1 is the average of 
0.25 + 0.5 µSv per hour = 0.375 µSv per hour. This equates to an average dose of 3.285 mSv 
per year (i.e., x 8,760 hours in a year18). To obtain collective doses we need to multiply this 
figure by the populations affected (listed in Appendix A). The total population in the light 
blue areas is currently 5,820,276.

Therefore, we can multiply average dose in the area bounded by light blue – 3.285 mSv – 
by 5,820,000 people to obtain a collective dose of 19,120 person Sv in the first year.

For Figure 2, it is necessary to estimate the populations in the red, orange, yellow, and 
pink areas. This was done by examining the dose contours in Figure 2 and matching 
them with the populations of affected municipalities from Statistics Canada (2017). The 
results are shown in Appendix B. It is acknowledged that this procedure will introduce 
uncertainties, as it is assumed that populations are homogenously distributed over all 
land areas. However, this is a routine assumption used in estimating collective doses. 

As it is difficult to precisely differentiate the maroon from the pale blue areas in Figure 1, 
this procedure may involve some double counting of areas in Figures 1 and 2. However, 
considerable efforts were made to minimize this and there could also be small overlooked 
areas that would mitigate any double counting. The effect of any double counting on this 
report’s final collective dose estimate would be small in any case. The average annual dose 
in Figure 1’s pale blue area is small – only 3.75 mSv per year. So even in the unlikely event 
that 100,000 people were double counted, the resulting collective dose would only be 370 
person Sv  – about 2% of the original estimated collective dose.

Figure 2 shows dose contours (in red) of a first year dose of 100 mSv in four highly exposed 
areas – parts of Markham, Whitchurch/Stouffville, Richmond Hill and Pickering – with 
a total of 210,000 people. Assuming this to be an average dose (some people will have 
higher doses and some lower), then these highly exposed areas would receive a first year 
population dose of 210,000 x 100 mSv = 21,000 person Sv. 

However, it is conservatively assumed that this area would be evacuated therefore 
lowering exposure. But because evacuations are unlikely to be fully effective, it is also 
assumed that a quarter of the first year dose will accrue, i.e., 5,250 person Sv. This estimate 
is based on the understanding that evacuations are only about 75% effective based on 
actual experience at Fukushima (information communicated orally to the author during 
study tours to Fukushima Prefecture in 2015 and 2016) and due to the following factors: 

•	 residents who refuse to be evacuated

•	 residents who return

•	 emergency personnel who are exposed

•	 late evacuees who are contaminated with radioactivity

•	 the safety areas for evacuees may not be free of fallout, and

•	 it may take several months for all evacuations to take place. 

18  Several studies have shown that, 
as indoor Cs-137 concentrations are 
similar to outdoor concentrations, 
reductions to take into account that 
people live indoors are unconserva-
tive.
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The map also gives a smaller dose area (orange) with an average first year dose of 50 mSv. 
Assuming a smaller population of 146,000 x 50 mSv x 0.25, we obtain a collective dose of 
1,825 person Sv for this area. 

For the yellow dose area of 20 mSv in the first year and a 297,000 population with 75% 
evacuating, we arrive at a collective dose of 297,000 x 20 mSv x 0.25 = 1,485 person Sv.

For the dark pink 10 mSv dose area in the first year, we take the population of 383,000 and 
arrive at a collective dose of 383,000 x 10 mSv = 3,830 person Sv. No reduction is applied 
here for evacuation as this only occurs for average doses greater than 20 mSv.

For the light pink 5 mSv dose area in the first year, we use the population of 1,818,000 to 
obtain a collective dose of 1,818,000 x 5 mSv = 9,100 person Sv.

These figures are set out in Table 1 below. In total, during the first year, the exposed areas 
of Figures 1 and 2 add to 40,610 person Sv, correct to two significant figures. (In view of 
the uncertainties here, only two significant figures are used in the estimated total.)

Table 1. Collective Doses from First Year Exposures

Average Dose 
in First Year – 

mSv

Assumed 
Fraction 

Evacuated 

Populations 
(see 

appendices A 
and B)

Collective 
Doses –

Person Sv

Figure 1
Pale Blue Area 3.285 not evacuated 5,820,000 19,120
Figure 2
Red area (evacuated) 100 75% 210,000 5,250
Orange area (evacuated) 50 75% 146,000 1,825
Yellow area (evacuated) 20 75% 297,000 1,485
Dark Pink area 10 not evacuated 383,000 3,830
Light Pink area 5 not evacuated 1,818,000 9,100
TOTAL 40,610
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7. Estimated Collective Doses  
 (Years 2 to 10) 

After the passage of the plumes, exposures will continue mostly from the plumes’ fallout 
on the ground, initially mainly from Cs-134 (half-life = 2.06 years) and later from Cs-137 
(half-life = 30.1 years). 

In the past, it had been assumed that weathering would result in the relatively quick 
disappearance of radiocesiums from soil. However recent data on continuing high levels 
of Cs soil concentrations after Chernobyl (Drozdovitch et al, 2007) have indicated this 
is not the case and that Cs concentrations persist for decades. Drozdovitch et al tracked 
radioactivity beyond residence time on vegetation to include its migration into soil, using 
a weathering attenuation factor with two half-life time constants of 2.4 years and 38 years 
– both considerably longer than previous estimates (Beyea J, E Lyman and F von Hippel, 
2013). As a practical example of this, in the U.K., persistently high Cs concentrations 
in soils in Cumbria and Wales from Chernobyl fallout lasted from 1986 until 2012. The 
result was that the U.K. Government had to issue food restriction orders prohibiting the 
sale of lamb from farms in these areas until 2012 (Fairlie, 2016). 

It is therefore necessary to estimate the doses that occur over a longer time period than 
the first year. An additional nine years is chosen to make a 10-year period in total, as this 
is roughly the time period for which we have comparable experience (i.e., seven years 
since Fukushima in 2011). During this period, doses will decline in a similar fashion to 
that indicated in the graph below.

Graph 1: Dose Decline Curve
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It is difficult to calculate accurately the average doses for years 2 to 10 as insufficient data 
are available, especially the initial ground concentrations of Cs-134 and Cs-137. For the 
first year, most of the dose will come from Cs-134 as it is considerably more radioactive19 
than Cs-137. On the other hand, Cs-134 decays more quickly than Cs-137, so that after 
about three years, the dose contribution from the latter exceeds the former. 

Using the dose conversion factors and dose/surface concentration ratios published in 
Section E of the IAEA report on Generic Procedures for Assessment and Response During 
a Radiological Emergency (IAEA, 2000), it is possible to make the following estimates of 
the doses arising in years 2 to 10 inclusive. (See box opposite.)

For the pale blue areas in Figure 1, it is calculated that an average adult dose of 12.95 mSv 
will accrue over the years 2 to 10 after the accident – an approximately fourfold increase 
over the first year dose of 3.285 mSv. The total collective dose is 5,820,276 x 12.95 mSv = 
75,370 person Sv.

For exposures in Figure 2, as doses will decline in the same way we can apply the same 
increase factor of four to the figures in Appendix B to obtain the collective doses set out in 
Table 2. No doses accrue in the red, orange and yellow areas as we conservatively presume 
that they remain evacuated.

Average Dose 
Over 2-10 yrs

Population Collective doses 
person Sv

Figure 1
Pale blue area

12.975 mSv 5,820,000 75,500

Figure 2
Dark pink area 

10 x 4
= 40 mSv

383,000 15,320

Figure 3
Light pink area 

5 x 4
= 20 mSv

1,818,000 36,360

TOTALS 127,200

19  The specific activity of Cs-134 is 
over 100 times greater than that of 
Cs-137
23  Including the U.S. city of Erie, Pen-
nysylvania, which was also affected

Table 2. Collective Doses from Exposures in Years 2 to 10 

Exposures Collective Doses Person Sv
First Year 40,610
Years 2- 10 127,200
TOTAL 167,810

The sums of the collective doses for the first year and years 2 to 10 from Figures 1 and 2 
are set out in Table 3 below.

Table 3. Total Collective Doses 

In conclusion, it is estimated that the collective dose to Ontario from a Fukushima-level 
nuclear accident at Pickering would be 167,810 person Sv. As is conventional in scientific 
reports, rounding to two significant figures will be performed at the end of all calculations. 
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Calculations for External Doses from Cs Exposures for Years 2-10 after Fukushima

Assumptions Used
A.  The first year average dose in Figure 1 pale blue areas = 3.285 mSv.

B.  The initial soil Cs contamination from fallout is 50% from Cs-137 and 50% from Cs-134.20

C.  Dose coefficients for Cs-137 = 6.5x1011 mSv/h per Bq/m3 and Cs-134 = 17.0x1011 mSv/h per Bq/m3: i.e. the Cs-134 
dose coefficient is 2.615 times greater than the Cs-137 dose coefficient.

D.  The dose coefficients (mSv/h per Bq/m3) for external exposure are taken from IAEA data. (The values are based 
on homogeneous distribution in soil.)11

Methodology

Using a 50/50 mixture of Cs-134 and Cs-137, the dose contribution per Bq from Cs-134 = 2.615/2.615 + 1 = 72.3%

Therefore, in the first year, 72.3% of the average dose of 3.285 mSv = 2.375 mSv is from Cs-134. Similarly, in the first 
year, 27.7% of 3.285 mSv = 0.910 mSv is from Cs-137.

The table below indicates annual doses from both Cs-134 and Cs-137 as estimated by the radioactivity decay 
program www.radprocalculator.com/Decay.aspx

Therefore, the ratio of dose from years 2-10 to that from the first year = 12.975/ 3.285 = 3.95.

The ratio of 4.0 (to two significant figures) is consistent with other estimates produced using different assumptions 
and methodologies. For example, Ishikawa (2016) and Nagataki et al (2016) discuss the UNSCEAR (2013) ranges of 
estimated doses and cite a ratio of 3.3 for 10- year to first-year doses. 

In addition, a ratio of 4 for the ratio of first year dose to the dose for years 2-10 is estimated by Tsuneki (2013) (in 
Japanese). 22

20  This is a reasonable assumption for two reasons. First, the UNSCEAR report on Fukushima (2013) stated on page 41 of Annex A that almost equal 
amounts of Cs-134 (9.0 PBq) and Cs-137 (8.8 PBq) were emitted at Fukushima. Second, Japanese MEXT data for 2011 as reproduced by Tsuneki 
(2013) indicate equal surface contributions of the two nuclides in 2011 in Japanese areas affected by fallout. See table 5.1 page 107 labelled Cesium 134 
and 137 Fallout concentrations in Japanese cities in 2011. From MEXT Ministry of Education, Culture, Sports, Science and Technology “Results of 
environmental radiation level survey (monthly).”
21  http://www.iaea.org/inis/collection/NCLCollectionStore/_Public/37/101/37101600.pdf Reproduced from table 5.1.
22  See Table 5.3 of on page 123 of the pdf version. Title of table - “Approximate estimate of annual dose when outdoor radiation dose rate from cesium 
was 1 μSv/h as of March 2012”. http://www.gakushuin.ac.jp/~881791/radbookbasic/rbb20130117.pdf 

Year Dose from Cs-134 mSv Dose from Cs-137 mSv Totals mSv
1 2.375 0.910 3.285
2 1.697 0.889
3 1.213 0.869
4 0.867 0.849
5 0.620 0.830
6 0.443 0.811
7 0.317 0.793
8 0.227 0.775
9 0.162 0.757
10 0.116 0.740
TOTALS 5.662 7.313 Years 2-10 = 12.975

http://www.radprocalculator.com/Decay.aspx
http://www.iaea.org/inis/collection/NCLCollectionStore/_Public/37/101/37101600.pdf
http://www.gakushuin.ac.jp/%7E881791/radbookbasic/rbb20130117.pdf
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Farm produce remains contaminated by Fukushima’s fallout and radiation levels remain unsafe 
in many areas of Fukushima Prefecture.
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8.  Estimated Numbers of Cancer Cases 
and Cancer Deaths in Ontario

We now need to estimate the likely numbers of (a) cancer cases and (b) fatal cancers 
expected to arise from this collective dose. Some official reports consider only fatal 
cancers but since the number of survivable cancer cases is usually double the number of 
fatal cancers, we need to consider these as well.

We shall use the latest official radiation risk estimates published in 2006 by the U.S. 
National Academy of Sciences in its report on the Biological Effects of Ionizing Radiation - 
Part 2 BEIR VII (US NAS, 2006). Table ES-1 (page 15) of the BEIR VII report contains the 
BEIR Committee’s preferred estimates of the lifetime attributable of incidence (i.e., cases) 
and mortality (i.e., deaths) for all solid cancers. The U.S. report contains separate figures 
for males and females,24 but these have been averaged here to simplify matters. The risks 
are presented in BEIR VII per 0.1 Sv but these have been presented per Sv here again to 
make matters clearer. 

Finally, it is necessary to explain that the BEIR Committee’s risks in 2006 were estimated 
using a Dose and Dose Rate Effectiveness Factor (DDREF). This reduced the Committee’s 
preferred risks by a factor of 1.5. However, since the BEIR report’s publication in 2006, 
new evidence has emerged showing that DDREFs should no longer be used. For example, 
neither the UNSCEAR (2013) nor the WHO (2012, 2013) reports on Fukushima used 
DDREFs in deriving their Fukushima risk estimates. 

The WHO Report (WHO, 2013) on page 32 explained why as follows:

“Based on the findings of the two meta-analyses discussed above (74,92), which 
showed similar risks for protracted and acute exposures, the WHO- HRA Expert 
Group considered it prudent to base risk calculations on models derived from 
the atomic bomb survivors cohort without applying any modification factor for 
low dose or low dose rate. This decision, which represents a departure from 
standard practice in radiation risk assessment, was not unanimous as two 
members {out of 13} expressed a dissenting opinion.” 

This decision has been followed by the UNSCEAR (2013) report and by other 
reports since then. 

Table 4. Absolute Radiogenic Risks of Cancer Cases and Fatal Cancers from 
Table ES-1 of BEIR VII (Risks to Males and Females Averaged)

Effect Numbers per 100,000 
People Exposed to 1 Sv

Radiation Risk Radiation Risk Without 
DREF of 1.5 

Cancer Cases 
(fatal and non-fatal) 

10,500 10.5% per Sv 15.75% per Sv

Fatal Cancers 5,100 5.1% per Sv 7.65% per Sv

24  It should be noted that these 
estimates are for risks to adults. 
Radiogenic risks to babies, infants, 
children, adolescents and to pregnant 
women are higher. 
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This report will therefore estimate the numbers of cancer cases and fatal cancers in Ontario 
as shown in Tables 5 and 6. The central estimates, correct to two significant figures, are 
that 26,000 cancer cases would arise, of which 13,000 (approximately half) would be fatal.

Collective Dose 
Person Sv

Risk of Fatal Cancer Number 

167,810 7.65% 12,840

Table 5. Estimated Numbers of Cancers Cases in Ontario25

Collective Dose 
Person Sv

Risk of (Fatal and Non-fatal) 
Cancer Cases

Number 

167,810 15.75% 26,430

Table 6. Estimated Numbers of Fatal Cancers in Ontario25

25  including Erie PA, US
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9. Estimated Time Periods of 
Evacuations

Estimates can be made of time periods that the red, orange and yellow zones in Figure 2 
would need to remain evacuated. These estimates were made using the online software at 
www.radprocalculator.com using the following assumptions:

•	 Cs-137 concentrations on contaminated land decline exponentially in line with Cs-
137 radioactive decay with a half-life of 30.1 years 

•	 linearity between Cs-137 concentrations and dose, and 

•	 no external factors such as clean-ups, forest fires, and flash floods.

Ten mSv/a is the Ontario Government’s recommended20 “lower level” above which 
evacuations “should be applied unless valid reasons exist for deferring action.” Such 
reasons are not defined in the emergency response plan. 

In the yellow (20 mSv/a) zone, it is calculated that it would take about 30 years for the 
average dose rate to decline from 20 to 10 mSv/a, at which time it would be permissible to 
lift the evacuation orders. Similarly, in the orange zone, it would take about 70 years for 
the dose rate to decline from 50 to 10 mSv/a. And in the red zone, it would take about 100 
years for the dose rate to decline from 100 to 10 mSv/a.

It therefore can be seen in Figure 3, that the red, orange and yellow zones of the Greater 
Toronto Area (GTA) may need to remain evacuated for about 100, 70 and 30 years 
respectively.

Some uncertainty would exist with these time estimates, as there is limited experience to 
draw upon. But they are in line with the situation at Chernobyl, where the ~3,000 km2 
evacuation zone remains in force with no prospect of being lifted despite it being more 
than 30 years since the accident. At Fukushima, about seven years after the accident, most 
of the evacuation zones are still in force with little prospect of major changes. In a few 
areas where average doses are now estimated by the Japanese Government to have fallen 
below 20 mSv/a (the Japanese threshold27), the government is attempting to compel28 
evacuees to return with limited success. (The author has visited Fukushima Prefecture 
twice in recent years during study tours to Japan, and it is apparent that many Fukushima 
citizens no longer trust their government or TEPCO and remain reluctant to return to 
their former homes.)

It is recognised that the above are simple estimations with large uncertainty ranges. 
However, they give an approximate indication of the time periods required for evacuations 
after a Fukushima-level disaster at Pickering.

26   Provincial Nuclear Emergency 
Response Plan. Ontario Government. 
See Annex E – Protection 
Action Levels. https://www.
emergencymanagementontario.ca/
english/beprepared/ontariohazards/
nuclear/provincial_nuclear_
emergency_response_plan.
html#P2618_168284
27  Fukushima Nuclear Accident In-
dependent Investigation Commission 
https://reliefweb.int/sites/reliefweb.
int/files/resources/NAIIC_report_lo_
res2.pdf
28  by ceasing state compensation 
payments to evacuated residents

http://www.radprocalculator.com/
https://www.emergencymanagementontario.ca/english/beprepared/ontariohazards/nuclear/provincial_nuclear_emergency_response_plan.html#P2618_168284
https://www.emergencymanagementontario.ca/english/beprepared/ontariohazards/nuclear/provincial_nuclear_emergency_response_plan.html#P2618_168284
https://www.emergencymanagementontario.ca/english/beprepared/ontariohazards/nuclear/provincial_nuclear_emergency_response_plan.html#P2618_168284
https://www.emergencymanagementontario.ca/english/beprepared/ontariohazards/nuclear/provincial_nuclear_emergency_response_plan.html#P2618_168284
https://www.emergencymanagementontario.ca/english/beprepared/ontariohazards/nuclear/provincial_nuclear_emergency_response_plan.html#P2618_168284
https://www.emergencymanagementontario.ca/english/beprepared/ontariohazards/nuclear/provincial_nuclear_emergency_response_plan.html#P2618_168284
https://reliefweb.int/sites/reliefweb.int/files/resources/NAIIC_report_lo_res2.pdf
https://reliefweb.int/sites/reliefweb.int/files/resources/NAIIC_report_lo_res2.pdf
https://reliefweb.int/sites/reliefweb.int/files/resources/NAIIC_report_lo_res2.pdf
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Figure 3: Time Periods of Evacuations
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10.  Conservative Dose Estimation

In this report, significant efforts were made to avoid the overestimation of radiation doses. 
As a result, the dose estimates in this report should be viewed as underestimates rather 
than overestimates for the following reasons:

•	 A 10-year cut-off is used for collective doses, even though UNSCEAR and the EU 
use 70 years. This is because of the uncertainty about actual doses accruing in future 
years due to possible clean-up efforts, forest fires (which re-suspend radionuclides) 
and possible people movements into and out of affected zones. 

•	 It is assumed that large-scale evacuations would take place for areas where average 
dose levels exceed 10 mSv (Ontario threshold for evacuations29) and will continue 
until they fall below this level.

•	 Doses from the plume overhead in the first year are not estimated because it is not 
possible to reconstruct them from the available data. 

•	 Adult risk factors for fatal and non-fatal cancers are used: higher risk factors could 
have been used to take into account the increased radiogenic risks to babies, children, 
old people and the risks of genetic effects. This would have approximately doubled 
the risk factors.

•	 Risk factors were averages of the rates for both males and females. Women’s risks 
from radiation exposures are about 50% greater than men’s risks.

•	 Deaths from radiogenic cardiovascular disease, including strokes, have not been 
added. This would have approximately doubled the estimated number of deaths. 
The reason is that the existence of this risk and its risk factor are still not widely 
acknowledged even though the evidence for them is robust and from statistically 
significant Japanese bomb survivor data (Shimizu et al, 2010).

•	 A major source of conservatism is that this report assumes Fukushima levels of 
radioactive emissions in Ontario, which were due to explosions at three reactors with 
a total capacity of 2,000 MW. Pickering NGS currently has six operating reactors with 
a total capacity of 3,094 MW. If all six were assumed to explode (due to a common 
mode accident, e.g., earthquake and tsunami), it would be reasonable to assume that 
the radioactive releases would be approximately 50% greater than at Fukushima.

29  Provincial Nuclear Emergency 
Response Plan. See https://www.
emergencymanagementontario.ca/
english/beprepared/ontariohazards/
nuclear/provincial_nuclear_
emergency_response_plan.
html#P2618_168284

https://www.emergencymanagementontario.ca/english/beprepared/ontariohazards/nuclear/provincial_nuclear_emergency_response_plan.html#P2618_168284
https://www.emergencymanagementontario.ca/english/beprepared/ontariohazards/nuclear/provincial_nuclear_emergency_response_plan.html#P2618_168284
https://www.emergencymanagementontario.ca/english/beprepared/ontariohazards/nuclear/provincial_nuclear_emergency_response_plan.html#P2618_168284
https://www.emergencymanagementontario.ca/english/beprepared/ontariohazards/nuclear/provincial_nuclear_emergency_response_plan.html#P2618_168284
https://www.emergencymanagementontario.ca/english/beprepared/ontariohazards/nuclear/provincial_nuclear_emergency_response_plan.html#P2618_168284
https://www.emergencymanagementontario.ca/english/beprepared/ontariohazards/nuclear/provincial_nuclear_emergency_response_plan.html#P2618_168284
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Mandatory long-term evacuations could result in the loss of $125 billion in assets for residents.
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11.  Economic Losses: House Value 
Loss

In Appendix C, we outline just one aspect of the economic price Ontario would pay 
for a Fukushima-scale accident at Pickering: housing value loss as a result of long-term 
evacuations and no re-entry orders.  The estimated loss of $125 billion in housing value 
for homes within evacuation zones is in line with the estimates of economic losses at 
Fukushima of U.S.$ 188 billion (Can$ 236 billion).  Home insurance policies routinely 
exclude coverage of nuclear accidents and OPG’s total liability in the event of a nuclear 
accident is capped at $1 billion,30 meaning homeowners would have no ready source of 
compensation for losses.

Of course, the loss of businesses, schools, hospitals and other infrastructure within the 
evacuation areas would rapidly inflate this loss figure further. Additionally, 26,000 cancer 
cases (half fatal) would also present an enormous economic and logistical strain on the 
health care system.

12.  Conclusions

Cancer and Other Health Effects
This report estimates that, if a Fukushima-level nuclear accident were to happen at 
Pickering NGS, 26,000 cancer cases would arise of which 13,000 (approximately half) 
would be fatal (correct to two significant figures). This is a very large number compared, 
for example, to the 668 deaths estimated to arise each year if coal-fired power stations 
were permitted to continue operating in Ontario (DSS, 2005). 

The kinds of cancer that could arise include cancers of the bone, lung, skin, intestine and 
other soft tissues. Blood cancers (e.g., leukemias and lymphomas) would also occur. 

Thyroid cancers (TC) would be expected to arise similar to the epidemics of thyroid cancers 
after the Chernobyl nuclear disaster in 1986 (Fairlie, 2016). These are usually considered 
separately as they depend mainly upon specific thyroid exposures to radioiodine intakes. 
Stable iodine is an effective prophylactic and the Ontario Government has already pre-
issued stable iodine (KI) tablets to residents within 10 kilometres of Pickering and will 
also send them to other residents who request them. However, it is hard to estimate how 
many people would actually ingest KI tablets in the event of an accident. Therefore, in 
this report the likely number of thyroid cancer cases which would arise has not been 
estimated.

Other radiation effects not considered here are long-term genetic (i.e., hereditary) effects, 
teratogenic effects (from doses to embryos and fetuses), eye cataracts, and cardiovascular 
disease plus stroke. The main reason for these exclusions is that there are, as yet, few 
internationally agreed risk factors for these effects.

30  http://nuclearsafety.gc.ca/eng/
acts-and-regulations/acts/nuclear-
liability-and-compensation-act.cfm

http://nuclearsafety.gc.ca/eng/acts-and-regulations/acts/nuclear-liability-and-compensation-act.cfm
http://nuclearsafety.gc.ca/eng/acts-and-regulations/acts/nuclear-liability-and-compensation-act.cfm
http://nuclearsafety.gc.ca/eng/acts-and-regulations/acts/nuclear-liability-and-compensation-act.cfm
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It is recognized that the cancer estimates derived in this report will have uncertainty 
ranges. It is difficult to assign numerical limits to these uncertainties. This is the reason 
the two WHO (2012, 2013) and UNSCEAR (2013) reports on Fukushima cited earlier 
do not include uncertainty ranges in any of their estimates. Nevertheless, this report’s 
estimates indicate the likely scale of the cancer effects if a Fukushima-level disaster were 
to occur at Pickering NGS.

In comparison, at Fukushima, UNSCEAR (2013) estimated a collective dose of 48,000 
person Sv from which it can be estimated that about 5,000 fatal cancers would arise in 
future.31 The reason why the effects in Ontario would be greater than those in Japan is that 
Southern Ontario is considerably more populated than Fukushima Prefecture, which is a 
largely rural area. 

Long Term Evacuations and No Re-entry Zones
The report also shows that, if a Fukushima-level accident were to occur at Pickering, 
many thousands of people in the Greater Toronto Area could be exposed to high levels 
of radiation – over 100 mSv per year. Millions of Greater Toronto residents and workers 
could need to be evacuated for long periods of 30, 70 or 100 years as indicated in Figure 3. 
In other words, parts of Greater Toronto could become uninhabitable for several decades 
or longer. 

Economic Losses
Finally, this report estimates that losses of home property values would exceed $125 
billion. However, this is a partial estimate as similar losses would also have occurred 
in business, industrial, commercial, governmental and municipal properties, and in 
apartment and condominium values as well.

It is difficult to contemplate or internalize such huge consequences. In sum, the continued 
operation of the Pickering NGS creates a hostage to fortune for everyone living in the 
Province of Ontario.

Over 2,000 years ago Cicero, the Roman orator and lawyer, wrote “Salus populi suprema 
lex esto” – the health of the people is the highest law. By this standard, the Ontario 
Government has the clear duty to protect its citizens from the very serious consequences 
that would arise if a Fukushima-level accident were to occur at the Pickering NGS. 

31  See http://www.ianfairlie.org/
news/assessing-long-term-health-
effects-from-fukushimas-radioactive-
fallout/

http://www.ianfairlie.org/news/assessing-long-term-health-effects-from-fukushimas-radioactive-fallout/
http://www.ianfairlie.org/news/assessing-long-term-health-effects-from-fukushimas-radioactive-fallout/
http://www.ianfairlie.org/news/assessing-long-term-health-effects-from-fukushimas-radioactive-fallout/
http://www.ianfairlie.org/news/assessing-long-term-health-effects-from-fukushimas-radioactive-fallout/
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The explosions at three reactors at the Fukushima Daiichi Nuclear Station had 
devastating consequences for the people of Japan.
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The Fukushima accident is estimated to have resulted in $236 billion in economic losses for Japan.
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Appendix A: Populations in 
Contaminated Areas in Figure 1
Populations in pale blue areas in Figure 1 (average dose = 3.285 mSv/a) 

Toronto City (50%) 1,365,786
Mississauga 721,599
Brampton 593,638
Hamilton 536,917
Kitchener-Cambridge-
Waterloo

523,894

London 494,069
St. Catharines 406,074
Barrie 197,059
Oakville 193,832
Guelph 131,794
Markham (35%) 115,138
Halton Hills 61,161
Brantford (50%) 49,360
Woodstock 40,902
Stratford 31,465
Orangeville 30,734
Vaughan (10%) 30,623
Grimsby 27,314
Dundas 24,285
Fergus 20,767
Bracebridge 16,010
West Lincoln 14,500
Strathroy 14,401
Ingersoll 12,757
Gravenhurst 12,311
Elmira 11,988
Norwich 11,001
Caledonia 9,674
EastZorra-Tavistock 7,129
St. Marys 7,265
Huntsville 6,482
Komoka 1,754
Erie PA (US*) 98,593
Total 5,820,276

All data from Statistics Canada (2017)
 (*from United States Census Bureau)
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Appendix B: Populations in 
Contaminated Areas in Figure 2

Estimates of Affected Populations in Municipalities 

Municipality Estimated Percent of Land 
Area That Is Contaminated 

Estimated Affected 
Population

100 mSv areas
Pickering 100% 92,000
Markham 25% 82,000
Richmond Hill 6% 13,000
Whitchurch-Stouffville 50% 23,000
Sub Total 210,000

50 mSv areas
Markham 12% 42,000
Richmond Hill 15% 30,000
Whitchurch-Stouffville 25% 11,000
Scarborough 10% 63,000
Sub Total 146,000

20 mSv areas
Newmarket 50% 42,000
Markham 12% 7,000
Richmond Hill 10% 20,000
Whitchurch-Stouffville 25% 11,000
East Gwillimbury 90% 22,000
Ballantrae 100% 3,000
Pleasantville 100% 7,000
Aurora 50% 27,000
Scarborough 25% 158,000
Sub Total 297,000

continued next page
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10 mSv areas
Newmarket 25% 21,000
East Gwillimbury 10% 2,000
Schomberg 40% 1,000
Markham 6% 3,000
Richmond Hill 6% 12,000
Scarborough 40% 253,000
Mt. Albert 50% 2,000
Newmarket 25% 21,000
Markham 12% 7,000
Aurora 50% 27,000
Bradford - West Gwillimbury 20% 7,000
Caledon 40% 27,000
Sub Total 10 mSv 383,000

5 mSv areas
Newmarket 25% 21,000
Markham 37% 123,000
Richmond Hill 50% 98,000
Scarborough 25% 158,000
Schomberg 40% 1,000
Mt. Albert 50% 2,000
Brampton 25% 148,000
North York 25% 163,000
Vaughan 25% 77,000
Toronto 30% 820,000
Nobleton 100% 5,000
Bradford -West Gwillimbury 80% 28,000
Innisfil Heights 100% 37,000
Thornton 100% 137,000
Sub Total 5 mSv 1,818,000
Grand Total 2,854,000

Population data from Statistics Canada (2017)

continued from previous page

Municipality Estimated Percent of Land 
Area That Is Contaminated  

Estimated Affected 
Population
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Appendix C: Estimates of House Values 
Lost in Each Municipality

We have used data from the Municipal Property Assessment Corporation (2016) to 
calculate house values that would be lost if the Pickering Nuclear Station were to suffer a 
Fukushima-level accident and long-term evacuation and no re-entry orders were issued. 

The values were determined by first estimating the average value of houses in each Ontario 
municipality (for City of Toronto in the case of Scarborough). This estimate was based 
on residential housing value assessments32 made by the Municipal Property Assessment 
Corporation (MPAC) in 2016. Average values for single-detached, semi-detached, row 
house or any other single-attached dwellings were determined. (Values of apartments in 
apartment blocks were not included.)

These average house values were multiplied by the number of houses estimated to be 
lost from such an accident. The three evacuation zones areas of 30 years, 70 years and 
100 years (see Figure 3) were digitized over a shapefile (GIS geographic file) map of the 
Greater Toronto Area. Based on the boundaries of the evacuation zones in Figure 3, the 
number of houses were counted within each zone based on the count for single-detached, 
semi-detached, row house or any other single-attached house dwelling for each of the 
census tracts of Greater Toronto Area municipalities (the census tracts were based on 
data collected from the 2016 Canadian Census). 

For census tracts that were partially located inside the evacuation zones, estimates of how 
many dwellings would be affected were determined by examining how much of the local 
street network was located within each evacuation zone. The detailed calculations for 
each municipality are set out in the following table. 

The main conclusion here is that estimated losses of house property values would exceed 
$125 billion. However, this is very much a partial estimate as greater losses would 
likely have occurred in business, industrial, commercial, governmental and municipal 
properties, and in apartment values as well. 

These very large losses are commensurate with the estimates of economic losses at 
Fukushima of U.S.$ 188 billion (Can$ 236 billion).
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All Areas Total Estimated Loss
Estimated Dwelling Count 
(Based on figures from 2016 Canadian census)

153,969

Multiplied by each municipality’s average housing value 
(According to 2016 MPAC assessment and Canada Real Estate 
Wealth)

$125,642,400,000

Pickering Estimated Loss
Estimated Dwelling Count (Based on figures from 2016 Canadian 
Census)

23,037

Multiplied by $563,000 (According to 2016 MPAC assessment) $12,969,831,000
Scarborough Estimated Loss
Estimated Dwelling Count (Based on figures from 2016 Canadian 
Census)

39,508

Multiplied by $770,000 (According to 2016 MPAC assessment) $30,421,160,000
Markham Estimated Loss
Estimated Dwelling Count (Based on figures from 2016 Canadian 
Census)

59,487

Multiplied by $991,000 (According to 2016 MPAC assessment) $58,951,617,000
Whitchurch-Stouffville Estimated Loss
Estimated Dwelling Count (Based on figures from 2016 Canadian 
Census)

14,085

Multiplied by $741,000 (According to 2016 MPAC assessment) $10,436,985,000
Newmarket Estimated Loss
Estimated Dwelling Count (Based on figures from 2016 Canadian 
Census)

9,857

Multiplied by $655,000 (According to 2016 MPAC assessment) $6,456,335,000
Richmond Hill Estimated Loss
Estimated Dwelling Count (Based on figures from 2016 Canadian 
Census)

188

Multiplied by $1,028,000 (According to 2016 MPAC assessment) $193,264,000
East Gwillimbury Estimated Loss
Estimated Dwelling Count (Based on figures from 2016 Canadian 
Census)

1,571

Multiplied by $921,450 (According to 2016 report from Canadian 
Real Estate Wealth)

$1,447,597,950

Aurora Estimated Loss
Estimated Dwelling Count (Based on figures from 2016 Canadian 
Census)

6,079

Multiplied by $770,000 (According to 2016 MPAC assessment) $4,680,830,000
Uxbridge Estimated Loss
Estimated Dwelling Count (Based on figures from 2016 Canadian 
Census)

157

Multiplied by $540,000 (According to 2016 MPAC assessment) $84,780,000

Residence Values in Ontario Municipalities



38 Ontario Clean Air Alliance Research

Municipal Property Assessment Corporation (2016) Markham Residential Property Values 
on Average Have Increased 11.4 Per Cent Per Year Since 2012 (Publication). Retrieved from 
Municipal Property Assessment Corporation website: https://www.mpac.ca/Media/PressReleases/
MarkhamResidentialPropertyValuesOnAverageHaveIncreased114PerCentPerYearSince2012 

Municipal Property Assessment Corporation (2016) Whitchurch-Stouffville Residential Property 
Values on Average Have Increased 11.5 Per Cent Per Year Since 2012 (Publication). Retrieved from 
Municipal Property Assessment Corporation website: https://www.mpac.ca/Media/PressReleases/
WhitchurchStouffvilleResidentialPropertyValuesOnAverageHaveIncreased115PerCentPerYearSince2012  

Municipal Property Assessment Corporation (2016) Aurora Residential Property Values 
on Average Have Increased 9.5 Per Cent Per Year Since 2012 (Publication). Retrieved from 
Municipal Property Assessment Corporation website: https://www.mpac.ca/Media/PressReleases/
AuroraResidentialPropertyValuesOnAverageHaveIncreased95PerCentPerYearSince2012  

Municipal Property Assessment Corporation (2016) Richmond Hill Residential Property Values 
on Average Have Increased 11.8 Per Cent Per Year Since 2012 (Publication). Retrieved from 
Municipal Property Assessment Corporation website: https://www.mpac.ca/Media/PressReleases/
RichmondHillResidentialPropertyValuesOnAverageHaveIncreased118PerCentPerYearSince2012  

Municipal Property Assessment Corporation. (14 June, 2016). Newmarket Residential Property 
Values on Average Have Increased 9.8 Per Cent Per Year Since 2012 (Publication). Retrieved from 
Municipal Property Assessment Corporation website: https://www.mpac.ca/Media/PressReleases/
NewmarketResidentialPropertyValuesOnAverageHaveIncreased98PerCentPerYearSince2012  

Canadian Real Estate Wealth. (2016, August). Real Estate Market Report for East Gwillimbury, ON (Rep.). 
Retrieved from https://www.canadianrealestatemagazine.ca/top-neighbourhoods/east-gwillimbury-
on-21884.aspx  

Municipal Property Assessment Corporation. (2016, June 21). Uxbridge Residential Property 
Values on Average Have Increased 6.2 Per Cent Per Year Since 2012 (Publication). Retrieved from 
Municipal Property Assessment Corporation website: https://www.mpac.ca/Media/PressReleases/
UxbridgeResidentialPropertyValuesOnAverageHaveIncreased62PerCentPerYearSince2012 

https://www.mpac.ca/Media/PressReleases/MarkhamResidentialPropertyValuesOnAverageHaveIncreased114PerCentPerYearSince2012
https://www.mpac.ca/Media/PressReleases/MarkhamResidentialPropertyValuesOnAverageHaveIncreased114PerCentPerYearSince2012
https://www.mpac.ca/Media/PressReleases/WhitchurchStouffvilleResidentialPropertyValuesOnAverageHaveIncreased115PerCentPerYearSince2012
https://www.mpac.ca/Media/PressReleases/WhitchurchStouffvilleResidentialPropertyValuesOnAverageHaveIncreased115PerCentPerYearSince2012
https://www.mpac.ca/Media/PressReleases/AuroraResidentialPropertyValuesOnAverageHaveIncreased95PerCentPerYearSince2012
https://www.mpac.ca/Media/PressReleases/AuroraResidentialPropertyValuesOnAverageHaveIncreased95PerCentPerYearSince2012
https://www.mpac.ca/Media/PressReleases/RichmondHillResidentialPropertyValuesOnAverageHaveIncreased118PerCentPerYearSince2012
https://www.mpac.ca/Media/PressReleases/RichmondHillResidentialPropertyValuesOnAverageHaveIncreased118PerCentPerYearSince2012
https://www.mpac.ca/Media/PressReleases/NewmarketResidentialPropertyValuesOnAverageHaveIncreased98PerCentPerYearSince2012
https://www.mpac.ca/Media/PressReleases/NewmarketResidentialPropertyValuesOnAverageHaveIncreased98PerCentPerYearSince2012
https://www.canadianrealestatemagazine.ca/top-neighbourhoods/east-gwillimbury-on-21884.aspx
https://www.canadianrealestatemagazine.ca/top-neighbourhoods/east-gwillimbury-on-21884.aspx
https://www.mpac.ca/Media/PressReleases/UxbridgeResidentialPropertyValuesOnAverageHaveIncreased62PerCentPerYearSince2012
https://www.mpac.ca/Media/PressReleases/UxbridgeResidentialPropertyValuesOnAverageHaveIncreased62PerCentPerYearSince2012


39A Fukushima-Level Nuclear Disaster at Pickering



Ontario Clean Air Alliance Research

160 John Street
Suite 300
Toronto, Ontario
M5V 2E5

Phone: 416-260-2080

contact@cleanairalliance.org
cleanairalliance.org

Radioactively contaminated topsoil and debris is stockpiled throughout Fukushima Prefecture.
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