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ABSTRACT
Interest in nuclear power has grown in some Middle Eastern
states despite poor economics, seismic activity, and attacks on
nuclear facilities in the region. This article assesses risks from
cesium-137 release and dispersal from spent nuclear fuel fires
at Barakah in the United Arab Emirates and Bushehr in Iran to
public health, the water supply, and the food security of major
Persian Gulf cities. Doha, Dammam, Al-Hofuf, and Manama are
most at risk of receiving 1.5 MBq/m2 for a spent fuel fire at
Barakah, while a spent fuel fire at Bushehr could affect Shiraz,
Ahvaz, Basrah, and Kuwait City, albeit at lower probabilities.
Absent a decision to end nuclear power in the region, options
for reducing the potential risks of spent fuel fires on Persian
Gulf populations include the timely transfer of spent fuel from
pools into safer dry cask storage, multilateral disaster-response
planning, and a commitment not to attack nuclear facilities.
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Introduction

As of 2021, two Middle Eastern countries – Iran and the United Arab
Emirates (UAE) – are operating nuclear power plants, and four countries
(Egypt, Jordan, Saudi Arabia, and Turkey) plan to build them.1 There has
been much discussion about the policy drivers of these programs given a
poor economic rationale, including the pursuit of energy security, diversifi-
cation, technological progress, and latent proliferation capabilities.2 Despite
the Persian Gulf and broader Middle East having a history of earthquakes
and deliberate attacks against nuclear sites by state and non-state actors,
there has been comparatively little analysis of the potential regional impacts
of a serious nuclear incident or accident at one of the operating or planned
power reactors in Iran and the United Arab Emirates. This lack of atten-
tion is especially striking in the wake of the 2011 Fukushima disaster,
wherein an earthquake and tsunami not only led to multiple reactor
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meltdowns but caused severe damage to spent fuel pools that nearly led to
a much greater release of radioactivity and the resulting exposure of the
population and widespread long-term land contamination.3

In other regions, increasing attention has been paid to the long-overlooked
risks associated with spent nuclear fuel management and the potential conse-
quences of fires in dense-packed spent nuclear fuel (SNF) pools, which typic-
ally have less containment than the reactor core and may contain much
larger amounts of radioactivity. Frank von Hippel and his collaborators have
highlighted these risks and the attendant human and economic costs.4 This
article focuses on spent fuel management and safety in the Persian Gulf, the
potential release of radioactivity, focused on cesium-137, in the event of an
accident or an attack triggering a spent fuel pool fire, and the impacts a
release on major cities in the Gulf and on the Gulf waterway itself.
The following section offers an overview of spent nuclear fuel policies and

plans in the Middle East states now pursuing nuclear energy. The third sec-
tion examines accidents and armed attacks as possible spent nuclear fire trig-
gers. The paper’s methodology and modeling approach are presented in the
fourth section. The fifth section models the release of cesium-137 due to a
spent fuel fire in one of the pools at the UAE’s Barakah site or one pool at
Iran’s Bushehr site. In the sixth section, the paper assesses the regional
impact of such an event given the particular vulnerabilities of Gulf commun-
ities, some of which have a very large fraction of their population living just
in one city, with a focus on public health, water, and food security.

Spent nuclear fuel policies in the Middle East

The discussion around spent nuclear fuel in the Middle East has generally
been in the context of nuclear proliferation concerns, or as part of wider
discussions on the feasibility of multilateral approaches to the entire fuel
cycle, but SNF merits focus in its own right.5 Spent nuclear fuel manage-
ment policies in the six Middle East countries with nuclear power pro-
grams fall into three broad categories. The ship-back option is currently
only available to the projects being carried out by Russia’s Rosatom, in
which the take-back of the SNF has been included as an incentive to
advance Rosatom’s commercial offer.6 For Turkey and Egypt, where
nuclear power faces notable public resistance, the SNF ship-back option is
a means to minimize public disapproval.7 For Iran, the 2015 Joint
Comprehensive Plan of Action (JCPOA) commits it to export its spent fuel
“for all future and present nuclear power and research reactors.”8 Details
relating to the timing, export, volumes, and methods of SNF transport
remain to be addressed in bilateral dealings between Iran and Russia.
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The no reprocessing option is currently adopted only by the UAE, which
committed not to enrich uranium or reprocess SNF in its “123 Agreement”
with the United States which facilitates the transfer of U.S. nuclear technol-
ogy. The agreement’s terms can be renegotiated should the United States
conclude a cooperation deal with another country in the region that the
UAE deems more favorable than its own.9 The UAE has no policy yet on
managing SNF, including how the flow of SNF volumes would be handled
and packed as Barakah ramps up production.10

The third category is all options open, which includes Saudi Arabia and Jordan.
For Saudi Arabia, this policy may reflect an intention to create latent proliferation
options given a perceived threat from Iran’s nuclear program. Jordan’s lack of an
SNF policy may reflect a lack of progress on its nuclear program.11

As discussed in the next section, the volume of SNF present at any given
time in the SNF pools and the packing method are critically important
from a nuclear safety perspective. In some countries, including the United
States, the lack of long-term geological storage plans has led to the re-rack-
ing of pools to hold more spent fuel. This, in turn, increases the risks asso-
ciated with the wet storage of the SNF.12 Given the lack of clear plans
among the Middle Eastern countries pursuing nuclear power for removing
spent fuel from wet storage, for either repatriation or dry cask storage, the
mass of spent fuel stored in pools throughout the region is likely to keep
increasing. This may eventually lead to dense packing and an increased risk
of spent fuel fires in the event of an accident or attack.

SNF fire pathways

Spent fuel carries some degree of safety risk wherever and however it is
stored due to its high level of radiotoxicity. This is particularly true in the
period immediately after the spent fuel is removed from the reactor core.13

Wet storage in spent fuel pools is among the highest-risk options. If the
water in a spent fuel pool is drained, the decay heat of the spent fuel can
cause significant temperature increases, potentially leading to a spent fuel
fire, which could then disperse large amounts of radionuclides into the
atmosphere, notably cesium-137 and iodine-131.14 These two radioisotopes
present the most danger in terms of public exposure because their volatil-
ities are relatively high compared to other radioisotopes found in spent
fuel.15 Of these two, cesium-137 poses a more significant long-term danger.
Its half-life of thirty years (as compared to eight days for iodine-131) is
long enough for it to persist in the environment for extended periods with-
out decontamination efforts. It is also a beta emitter with the potential to
harm biological tissues with an activity of 3.215 TBq/g, and its high water
solubility allows for biological uptake.16 Cesium-137 levels have historically
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been used to assess the fallout from nuclear incidents because of their bio-
logical significance, ease of measurement, and relative persistence.17

Nuclear accidents

The Nuclear Regulatory Commission (NRC) in the United States has pub-
lished reports on the risks of spent fuel fires in wet storage facilities since
the 1980s, in which it assessed the risk to be low.18 The NRC’s assessments
have been challenged by von Hippel and others.19 The 2011 Fukushima
disaster highlighted the high potential of spent fuel fires caused by external
shocks – in this case, a seismic natural disaster.
Natural disasters of a scale that could severely damage a nuclear facility

are also possible in the Persian Gulf region. The Bushehr plant is situated
on Iran’s northern shore, where the Zagros fold and thrust belt contains
several fault zones, leaving the plant vulnerable to both strike-slip and
reverse strike-slip earthquakes. More than 1,000 seismic events were
recorded around Bushehr Province from 1900–2018, 100 of which had a
magnitude greater than 5. An aftershock probabilistic seismic hazard ana-
lysis of these earthquakes has also shown that the area is susceptible to
aftershocks, increasing the expected intensity of any given event.20

At Fukushima, the earthquake was compounded by a subsequent tsu-
nami that inundated the power plant. The Persian Gulf has traditionally
been viewed as relatively safe from tsunamis, as tectonic activity is not high
enough to generate them in situ, and tsunamis entering the area through
the Gulf of Oman are strongly attenuated.21 However, in 2017 a 3m tsu-
nami struck an 8 km segment of coastline at Dayyer, south of Bushehr. The
wave penetrated up to 1 km inland, causing five deaths and �$10M in
damages. This event highlighted the possibility of meteorologically induced
tsunamis, or meteotsunamis, impacting the Persian Gulf and potentially
damaging coastal facilities, including nuclear power plants.22

While the spent fuel pools at Fukushima were not punctured and therefore
did not leak, the contamination from the reactor meltdowns rendered the
pools inaccessible for several days. At the same time, the pool’s water levels
gauges were rendered unreliable. The decay heat of the spent fuel led to evap-
oration from the pool, which would have caused the fuel in Unit 4’s pool to
become uncovered after �2 weeks had it not been for a leak in the adjacent
reactor well that replenished the pool’s water levels. Further analysis suggests
that if the fuel assemblies stored in the pool had become uncovered, they
would have heated to over 1,000 �C, leading to a spent fuel fire.23

If a leak had occurred in the Fukushima spent fuel pools, this outcome
would have been even more likely. The plant’s design housed the pools on
higher floors of the building, creating space below them into which water could
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drain. The two operating nuclear power plants in the Gulf at Barakah and
Bushehr are also designed with elevated spent fuel pools – by 7.45m at
Bushehr and by 34.44m at Barakah.24 Similarly to Fukushima, this raises the
risk that an incident might cause rapid water loss from the pools, uncovering
of the spent fuel assemblies, and ultimately a spent fuel fire.
A second factor that increased the risk of a spent fuel fire at Fukushima

was the weakness of the pools’ containment structures. The roof of the build-
ing housing Unit 4’s spent fuel pool was destroyed by a hydrogen explosion
four days after the earthquake. A spent fuel fire would have enabled the
release of volatile fission products directly to the atmosphere. Insufficiently
strong containment structures in the Barakah and Bushehr plants are also of
concern. At Barakah, the Nuclear Consulting Group has raised questions
over the construction quality of the site’s containment buildings following
the discovery of cracking in their structures.25 The containment structure at
Bushehr is designed to withstand earthquakes of up to magnitude 8, but the
advanced age of the structure and the history of damage caused by external
attacks on the site have spurred concerns about the site’s safety.26

Following the Fukushima nuclear disaster, Frank von Hippel and Michael
Schoeppner conducted a comprehensive analysis that examined the potential
impacts of the spent fuel fire that nearly took place in the plant’s Unit 4
pool. Their analysis and subsequent projection of an equivalent incident
occurring in the United States suggested that the NRC had greatly underesti-
mated the impact of a spent fuel fire, potentially by a factor of 16.27

Attacks on nuclear facilities

Apart from the risk of a natural disaster or equipment failure, targeted
attacks by hostile state or non-state actors have the potential to cause signifi-
cant damage to SNF pools, a risk that was not seriously considered by the
NRC until after the Fukushima disaster.28 Although such a scenario remains
unlikely, the historical prevalence of attacks on Middle Eastern nuclear facili-
ties by both state and non-state actors makes a disruption to the reactor or
SNF pool safety systems by an attack or act of sabotage a meaningful risk.
The history of attacks on nuclear installations in the Middle East is outlined

in Tables 1 and 2. In recognition of the threat of such incidents, various inter-
national agreements have sought to lessen the risk of interstate conflict to oper-
ate nuclear facilities. The 1977 Additional Protocol 1 of the Geneva
Conventions included nuclear power plants as an example of “installations con-
taining dangerous forces” which “shall not be made the object of attack.”29

However, only a few years later the first attacks on a Middle Eastern nuclear
facility were carried out; in 1981 Israel launched an air attack on the Osirak
reactor in Iraq, drawing condemnation from the U.N. Security Council.30
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Following the Osirak attack, various IAEA resolutions sought to strengthen
the protection of nuclear sites by extending the prohibition of attacks on all
peaceful nuclear facilities and considering even the threat of an attack on
such a site a violation of the U.N. Charter.31 The repeated willingness dem-
onstrated by Israel to strike nuclear targets is a significant regional concern
given that by 2007 Israel had acquired “the capability to destroy even well-
hardened targets in Iran with some degree of confidence.”32

A further challenge to the safety of nuclear infrastructure, particularly in
the Middle East, is the spread and willingness of non-state actors to launch
attacks against nuclear targets in the region. In 2017, Houthi militants
claimed to have launched a cruise missile at the UAE’s Barakah site; the
Nuclear Facilities Attack Database (NuFAD) also shows that Hamas
launched a targeted rocket attack at Israel’s Negev Nuclear Research
Facility near Dimona in 2014 that was intercepted by missile defenses.33

Table 1. List of attacks against (or near) nuclear infrastructure in the Middle East.
Facility (country) Function Year Brief description

Dimona (Israel) Reactor (heavy water
reactor used for
plutonium production)

2021 Syrian missile exploded near the
Dimona reactor facility.34

Al-Kibar (Syria) Reactor (under
construction at the
time of the attacks)

2007 Israel attacked and destroyed Al-
Kibar nuclear reactor.35

Dimona (Israel) Reactor (operational at
the time of the attack)

1991 Iraq launched Scud missiles at the
Dimona plant, no damage was
caused; Hamas targeted rockets
at Dimona several times,
e.g., 2014.36

Al-Tuwaitha (Iraq) Research Reactor
(operational at the
time of the attack)

1991 The United States attacked two
reactors in the
Tuwaitha facility37

Al-Tuwaitha (Iraq) Research Reactor (under
construction at the
time of the attacks)

1980 and 1981 Iran attacked Tammuz-1 (Osirak)
reactor but inflicted little or no
damage; one year later, Israel
attacked and destroyed
Tammuz-1 reactor in
Tuwaitha facility.38

Bushehr (Iran) Reactor (under
construction at the
time of the attacks)

Multiple attacks
in 1980s

Iraq attacked two partially built
power reactors in Bushehr site
at least six times from March
1984 to November 1987.39

Table 2. List of cyber-attacks against nuclear infrastructure in the Middle East.
Facility (country attacked) Function Year of the attack Brief description

Natanz (Iran) Uranium enrichment
facility

2011 and 2012 Two major cyber-attacks
(known as Duqu and Flame)
targeted Iranian
nuclear facilities

Natanz (Iran) Uranium enrichment
facility

2010 Cyber worm named “Stuxnet”
destroyed Iranian uranium
enrichment centrifuges.40

Unknown
facility (Syria)

Unknown 2006 Nuclear facilities are infected for
espionage purposes.41
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In recent years, cyber-attacks have increasingly been deployed to target
sensitive energy infrastructure, including nuclear facilities in the Middle
East.42 As demonstrated by the Stuxnet attack against Iran’s Natanz uran-
ium enrichment facility, cyber weapons can target computers and systems
that control sensitive equipment. In this context, there is a real possibility
of a cyber-attack that would either cause a widespread loss of power
needed to run critical monitoring equipment or specifically target the cool-
ing and water drainage systems of a spent nuclear fuel facility, which could
lead to overheating of the fuel and eventually a spent fuel fire.
Reviewing the safety and security lessons learned following the Fukushima

disaster, a U.S. National Academy of Science study noted that the “spent fuel
pool study and expedited transfer regulatory analysis” needed to consider a
broad range of potential threats including sabotage, insider, and cyber
threats. MacLean et al. stated that the spent nuclear fuel pool is a likely tar-
get for cyber-attack because of its accessibility to external attackers.43

A discussion of the possible approaches to deter attacks on nuclear facili-
ties is beyond the scope of this paper. However, it is worth mentioning
that several strategies have been proposed, such as scaling up the role of
the IAEA during wartime by accelerating inspections or establishing a per-
manent presence in conflict areas to improve confidence as to the peaceful
purpose of safeguarded facilities and thereby deter strikes.44 Alternatively,
bilateral treaties could be signed in which potential combatants agree to
more stringent restrictions on targeting nuclear sites. Such an agreement
was signed between India and Pakistan in 1988, expanding protection to all
nuclear facilities rather than limiting it to peaceful ones.45

Method and modeling approach

Source terms of Barakah and Bushehr’s SNF pool

The core analysis of this paper simulates the release of cesium-137 from
UAE’s Barakah and Iran’s Bushehr sites following a hypothetical spent fuel
fire in one of the pools at either site. Cesium-137 was chosen as the isotope
of interest because of its prevalence in the fallout from spent fuel fires and
the longevity of its long half-life. The first 1.4 GWe reactor at Barakah
Nuclear Power Plant, situated �250 km west of Abu Dhabi, was connected
to the power grid in August 2020. Three additional PWR-type reactors are
planned for the site, bringing the total capacity up to 5.6 GWe. Assuming
an average burnup in the reactor of 55 GWd/t (typical for an APR1400
reactor) and thermal efficiency of 33%, it was estimated that in its steady-
state Barakah would produce �100 metric tons (MT) of spent nuclear fuel
per year. Given that the plant is designed to hold “up to 20 years of spent
fuel in the wet pools,” it was estimated that the spent fuel pools would con-
tain a total of 2,000MT of spent fuel when full.46
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It is possible that the spent fuel pools at Barakah may reach a steady-
state level of <20 years’ worth of fuel; the UAE has expressed interest in
both exporting spent fuel and transferring it to dry cask storage for long-
term domestic management. However, given the uncertainty over which
course of action the Emirati government will take, assessments indicating
that the spent fuel could be left for the full 20 years to cool in wet storage,
and challenges faced in the widespread adoption of dry cask storage in
other countries, the assumption was made that Barakah would reach
steady-state with the spent fuel pools at full capacity.47

Using data from the SFCOMPO database of spent fuel (which holds the
recorded compositions of spent fuel samples from around the world), it was
estimated that this mass of spent fuel, produced at an average burnup of 55
GWd/t, would contain �1.5mg of cesium-137 per gram.48 With an average
storage time of 10 years, this equates to a total of 7,600 PBq of the cesium-137
split between the four pools. It was then assumed, as per Sandia National
Laboratories’ assessment of the Fukushima incident, that in the event of a
spent fuel fire, �75% of the cesium stored in one of the four pools (or
�1,440 PBq) would be released into the atmosphere over four days.49

The Iranian nuclear power plant at Bushehr currently operates with a single 1
GWe reactor. With Russian support, construction of a further 2.1 GWe of cap-
acity is planned at the site, bringing the total planned capacity to 3.1 GWe. Based
on a burnup of 42 MWd/t, it was estimated that the completed plant would pro-
duce �73MT of spent fuel per year.50 Given that the plant’s spent fuel pools are
designed to hold fuel for eight years after it is removed from the reactor, this
implies total storage of 582MT spent fuel by the time the plant reaches its max-
imum capacity.51 In 2005, Iran agreed to export its spent fuel to Russia, which
would likely take place after two to five years of cooling in wet storage.52 This
would reduce the total mass of spent fuel in Bushehr’s pools, but exports have
been limited amid ongoing concerns about the future of the JCPOA. For this ana-
lysis, therefore, it is assumed that delays or cancelations of these exports will result
in the spent fuel pools operating at full capacity in the steady-state.
Based on the assumption that the plant’s fuel would have an average

burnup of 42 GWd/t, the SFCOMPO database was used to estimate the
total quantity of cesium-137 in the steady-state spent fuel pools at 2,600
PBq (assuming an average storage time of four years). As in the Barakah
case study, the fire simulations assumed a 75% release from one of the
three pools (equivalent to 640 PBq) over four days.

Model setup

Given the variability of weather conditions, the spread of radioactive con-
tamination can be best assessed in terms of probabilities based on daily
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simulations. The runs for each simulated spent fuel pool fire were con-
ducted using the National Oceanic and Atmospheric Administration’s
(NOAA) HYSPLIT software.53 To account for seasonality in meteorological
effects, one run was conducted for each day from 2010 to 2019 (using
meteorological data from the NOAA-NCEP/NCAR’s global pressure level
reanalysis archive, which contains data at six-hourly intervals with a spatial
resolution of 2.5�), giving 3,652 total runs for each power plant. The simu-
lations were initiated using the conditions listed in Table 3.
The emission height for each model was defined as 50m above the spent

fuel pool. This is a rough estimate, as the plume’s characteristics would
vary depending on wind speed and vertical temperature structure.
However, it is consistent with plume height estimates of 25–75m used in
analyses of the Fukushima incident.54 Each run had an emission duration
of 96 h starting at the beginning of the simulation time, and a total simula-
tion runtime of 120 h. The cesium-137 deposition was modeled using par-
ticles of 1 lm with a dry deposition velocity of 0.2 cm/s as used in previous
studies on the fallout from spent fuel fires.55 Wet deposition was also
included in the model, although given the limited precipitation experienced
in the Gulf region it was expected to have minimal impact. Results were
obtained on an output grid with a spatial resolution of 0.05 degrees.
The output of each of these simulations was subject to additional impact

analysis. The con2stn program within HYSPLIT was used to extract daily
deposition values at areas of interest, which were then summed over the five
days of each run to give a total deposition value for the simulation. The sites
of interest were selected by choosing all cities in the region with populations
>750,000. To this list were added the Qatari and Bahraini capitals of Doha
and Manama, which, despite being smaller than 750,000 thresholds, are the
largest and most significant urban centers in their respective countries.
To assess the geographic extent of contamination, the raw outputs for 2019

were also converted into ASCII files representing concentration contours using
HYSPLIT’s concplot program. Levels of 1.5 MBq/m2 cesium-137 deposition
were used for this analysis based on historical precedents. This level of con-
tamination corresponds to the approximate threshold for population relocation

Table 3. Major simulation parameters for Barakah and Bushehr SNF facilities.
Power plant Barakah Bushehr

Emission coordinates (Lat, Lon) 23.96, 52.09 28.83, 50.89
Emission height 84.44 m 57.45 m
Emission rate 15 PBq/h 6.67 PBq/h
Emission duration 96 h 96 h
Total emissions 1,440 PBq 640 PBq
Steady-state production of SNF (t/year) 100 73
SNF volume at full capacity (t) 2,000 582
Number of planned reactor units 4 3
SNF burnup (GWd/t) 55 42
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in both the Fukushima and Chernobyl accidents and has been used in other
assessments of the risk posed by spent fuel fires.56 Following the Fukushima
disaster, it was estimated that without remediation, this level of deposition
would lead to lifetime effective external doses of up to 118.5mSv per unit
population density.57 The ASCII contours representing 1.5MBq/m2 deposition
were then converted into ESRI shapefiles and subsequently binary rasters using
the QGIS software. The rasters obtained for each run were then averaged to
give an output raster representing the implied probability that an area would
receive higher than 1.5 MBq/m2 of cesium-137 in the event of a spent fuel
fire. Although only the 2019 results are visualized, simulations were conducted
for every day since 2010 to assess variability.

Results

Barakah

The methodology outlined above was utilized to assess the impact of poten-
tial SNF fires at the Barakah and Bushehr nuclear power plants. Figure 1
shows the spatial probability distribution of cesium-137 contamination
exceeding the 1.5 MBq/m2 threshold, which might require mass relocation,
for a spent fuel pool fire at the Barakah site in 2019. The results indicate
that the prevailing weather conditions would likely carry fallout southwards
into the Rub’ al-Khali desert. However, there remains a small but significant
risk of contamination in highly populated areas to the north and west of the
plant. Of particular concern are the cluster of population centers around
Bahrain and Qatar (including Doha, Manama, Dammam, and Al-Hofuf,
which together host around 3.4 million people, the population distribution
of which is listed in Annex A). These cities showed contamination with ces-
ium-137 higher than 1.5 MBq/m2 in a significant percentage of the simula-
tions, ranging from 4.7% for Manama to 11% for Doha. Other major cities,
such as Kuwait City, Shiraz, Abu Dhabi, and Dubai showed notably lower
contamination probabilities. It is interesting to note that Riyadh, the capital
of Saudi Arabia, also has a relatively low, but non-zero probability.
The simulations also allow us to study the magnitude of cesium-137 con-

tamination for each city. Some Gulf cities are susceptible to contamination
levels well above the 1.5 MBq/m2 threshold. For example, Manama and Al-
Hofuf could receive cesium-137 deposition levels higher than 10 MBq/m2,
while Doha received contamination over 20 MBq/m2 in some simulation
runs. Higher levels of deposition increase the certainty of compulsory
relocation and could make relocation efforts logistically more demanding
since nearby areas will also be likely to receive higher deposition levels.
The time profile of cesium-137 contamination, available in the online

supplemental material, yielded a few interesting observations. First, summer
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months (May to mid-September) seem to carry a considerably lower risk of
cesium-137 contamination in major cities due to more favorable weather
patterns. Of the studied cities, only Abu Dhabi received deposition levels
higher than 1.5 MBq/m2 during the releases modeled during the summer
of 2019. The months in which the spread of radioactive contamination is
most likely to impact population centers are January and February.

Bushehr

Similar to the modeling approach followed above for Barakah, the level of
cesium-137 contamination was modeled for hypothetical releases from the
Bushehr nuclear power plant on each day from 2010 to 2019. As shown in
Figure 2, the results indicate that contamination over 1.5 MBq/m2 is pro-
jected to be far less widespread than in the case of Barakah, with the most
commonly impacted areas along the north coast of the Gulf. Consequently,
the likelihood of large cities requiring relocation is considerably lower than
in the modeled fires at Barakah. The city most likely to be impacted is
Shiraz, which received contamination levels higher than 1.5 MBq/m2 in
around 2% of the simulation runs. Basrah, Ahvaz, and Kuwait City are also
vulnerable, although with a low probability. Cities in Saudi Arabia, Qatar,
and Bahrain tend to avoid contamination.

Figure 1. (a) Average probability contour distribution of cesium-137 contamination levels fol-
lowing a hypothetical SNF fire at the Barakah nuclear power plant in 2019; (b) Variation of the
frequency of receiving cesium-137 contamination levels higher than 1.5 MBq/m2 in major Gulf
cities following an SNF pool fire at Barakah.
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The daily impact of cesium-137 contamination resulting from a hypo-
thetical spent fuel pool fire at Bushehr in 2019 (available in the online sup-
plemental material) also confirms the lower impact of Bushehr compared
to Barakah on the major Gulf cities. The same characteristic of lower con-
tamination during the summer months is also observed in the case of
Bushehr. However, the relatively high population density of Bushehr’s
immediate vicinity (Bushehr province had a population of over 1.1 million
at Iran’s last census in 2016, with a population density of 64/km2) would
still be a major concern in the event of a spent fuel fire, especially during
summer months when wind intensity is low.58 In contrast, the Western
Region of Abu Dhabi, where Barakah is located, has a population of just
over 200,000 with a density of only around 6/km2.

Discussion

Vulnerability and risk factors of nuclear accidents in the Gulf

In the context of the analysis presented here, the identified threat is for a
city in the Gulf to receive cesium-137 deposition higher than 1.5 MBq/m2,
the threshold above which a city-wide relocation would be needed to avoid

Figure 2. (a) Average probability contour distribution of cesium-137 contamination levels fol-
lowing a hypothetical SNF fire at the Bushehr nuclear power plant in 2019; (b) Variation of the
frequency of receiving cesium-137 contamination levels higher than 1.5 MBq/m2 in most
impacted Gulf cities.
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grave public health consequences. The likelihood that cities in the Gulf
receive such a dose is extracted from the simulation results reported in the
Results section above.
Since cesium distributes relatively homogenously throughout human vis-

ceral and muscle tissues, the use of an effective dose is an appropriate
measure of its health impact.59 The effective dose can be obtained by multi-
plying the activity within a specific spatial zone (or city) by the correspond-
ing dose factor, which would depend on age and exposure time, among
other factors. The effective dose of cesium-137 can be extracted from avail-
able dose coefficient data provided by the International Commission on
Radiological Protection (ICRP).60 The ICRP effective dose coefficient for
cesium-137 over a period of one year ranges between 1� 10�7 and
1.2� 10�8 Sv/Bq.
One can estimate the one-year ingestion effective dose for an adult in

the most impacted cities, Doha (via Barakah) and Ahvaz (via Bushehr),
based on their modeled maximum activity values of 44 and 3 MBq/m2,
respectively. The estimated corresponding effective dose range would be
0.5–4.4 mSv for Doha; and 0.04–0.3 mSv for Ahvaz. At these low dose
ranges, it would be hard to quantify public health risks. The effective dose
values in the vicinity of both Barakah and Bushehr are expected to be
much higher. It should be noted that the time distribution of the effective
dose itself will also depend on other factors, such as protective interven-
tions and decontamination efforts.
In terms of assessing “macro” vulnerabilities, three major proxy factors

are used in this article: (1) population, which reflects the scale of public
health challenges, relocation and resettlement, and economic activity; (2)
water desalination dependency, which reflects the water security challenges
that might arise due to water contamination and loss of desalination cap-
acity; and (3) agricultural output, which sheds light on food security and
economic challenges.
The number of impacted cities during each incident of radioactivity

release and the corresponding probability of simultaneous relocation are
shown in Figure 3. For most days (2,929 and 3,469 days for Barakah and
Bushehr, respectively, out of a total of 3,650 days from 2010 to 2019), the
simulated release of cesium-137 does not require relocation of any major
Gulf city’s population. In the remaining days, simulations show release lev-
els that would result in the forced relocation of at least one major city. In
the Barakah simulations, the probability of requiring a multi-city relocation
decreases significantly as the number of exposed cities increases. In 511
runs, only one city is impacted (with a population range of 0.6–7.2 mil-
lion). In a further 132 runs, two cities are simultaneously impacted (with a
high variability of the population between 1.3 and 4.4 million). As for
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Bushehr, in the 2010–2019 simulations, the number of impacted cities was
much lower. In 176 runs, one city is impacted with a population range
between 0.6 and 3.1 million. In only six runs, two cities are impacted with
a total population between 1.3 and 4.5 million.
The public health risk for each city, shown in Figure 4, is the product of

a city’s probability of receiving cesium-137 contamination levels higher
than 1.5 MBq/m2 with its normalized population (see Annex A). As shown
in Figure 4, Qatar’s capital, Doha, and Saudi cities (particularly Dammam
and Al-Hofuf) are particularly vulnerable to the public health effects of an
SNF fire radiation release from Barakah. In the case of a Bushehr release,
the most impacted city is Shiraz, but Kuwait City, Iraq’s Basrah, and Iran’s
Ahvaz are also vulnerable.
The relative risk of water contamination can be assessed for major Gulf

cities using the same approach (Figure 5). The water security risk is the
product of a city’s probability of receiving cesium-137 contamination levels
higher than 1.5 MBq/m2 with its normalized desalinated water capacity
(see Annex A). By far, the most vulnerable Gulf city to water security issues
resulting from contamination of Gulf waters by cesium-137 is Doha
because of its near-complete dependency on water desalination and the
high probability of exposure over 1.5 MBq/m2. Some desalination plants
are capable of removing cesium from seawater alongside sodium, either
through coagulation and sedimentation or reverse osmosis, but in the event
of direct fallout, plant operations would be interrupted as workers are evac-
uated.61 Gulf cities that rely heavily on water desalination (Doha, Abu
Dhabi, Dubai, Manama, Sharjah) only have a few days of storage capacity,

Figure 3. Probability and scale of impact of radiation exposure from SNF radiation release from
Barakah and Bushehr based on 2010–2019 weather data.
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so even a temporary shutdown in water production could have
severe impacts.
It should be noted that, ultimately, all Gulf cities that rely on water

desalination for their water supply will be impacted by cesium-137 contam-
ination of water. Cesium-137 is soluble in seawater in its hydroxide form
and can be spread across the Gulf’s shores both by deposition, as modeled
in our simulations, and by ocean transport. Because of this, even regional
desalination plants which would continue to operate normally after a spent
fuel fire have to contend with elevated cesium concentrations in their brine
and sludge waste. In Japan, where cesium-137 levels in seawater declined
quickly due to ocean currents, the Ozaku Purification Plant was unable to
recycle and utilize its waste sludge for over a year after the Fukushima inci-
dent.62 Contamination of surface freshwaters, such as rivers and lakes is
also possible.63 Surface water contamination would be particularly relevant
to Iran’s Ahvaz and Shiraz and Saudi Arabia’s Al-Hofuf.
The third component of the relative risk assessment is the potential for

food security shocks due to air, water, and soil contamination, which could
impact agriculture. The ingestion pathway can be responsible for more
widespread impacts from the disaster than fallout alone, as food grown in
contaminated soil can be harvested and broadly distributed, similar to what
happened at Fukushima. The vulnerability of Gulf cities to food security
shocks as a result of a spent fuel fire is shown in Figure 6. The food secur-
ity risk is the product of a city’s probability of receiving cesium-137 con-
tamination levels higher than 1.5 MBq/m2 and its normalized agriculture
share of GDP (see Annex A).

Figure 4. Population risk profile due to radiation exposure from SNF radiation release from
Barakah and Bushehr in major Gulf cities based on 2010–2019 weather data.
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As shown in Figure 6, in the case of a Bushehr-based accident, the Gulf
cities most vulnerable to food security shocks are Iran’s Shiraz and Ahvaz
because of their significant agricultural activity. Iraq’s Basrah could also
face a food supply shock because of its higher agricultural output in com-
parison to other Gulf cities. From Barakah, Dammam and Al-Hofuf are
also vulnerable to various degrees of food security shocks. The fishery sec-
tor, across the Gulf, would likely also be disrupted. In the Fukushima case,
although radiocesium activity was reduced rapidly due to ocean processes,
it took four years for radiocesium levels to fall below regulatory limits.64 In
the Gulf, complete elimination of radiocesium in seawater might take even
longer due to slower water diffusion processes.65

The three risk factors considered here may be interactive. If a city’s
population is relocated due to widespread contamination, the risk factors
for both food and water become less significant as there is no longer a local
population dependent on these resources. However, the loss of food and
water production will impact other cities in the region (Abu Dhabi’s water
network is, for example, connected to Fujairah’s) since those cities may
need to provide for relocated populations. If a major city (or, for some of
the smaller countries in the Gulf, the only city) is evacuated, economic
activity would halt almost immediately. Because of the outsized economic
harm that this could cause, and due to the enormous challenges associated
with relocating potentially millions of people, a state may decide not to
relocate the population but instead to accept the higher health risks

Figure 5. Water security risk profile due to radiation exposure from SNF radiation release from
Barakah and Bushehr in major Gulf cities (dry deposition only) based on 2010–2019 wea-
ther data.

82 T. G. A. S. SPENCE AND A. AHMAD



resulting from the fallout. Similarly, the loss of food or water production
from an area could have such high costly impacts that governments might
decide to raise radioisotope limits in food and water rather than abandon
the resources. The margin for tolerance above the expected 1.5 MBq/m2

threshold is likely to increase with the importance of the cities and resour-
ces affected and the cost of replacing them.

Conclusions

Several major cities in the Persian Gulf would be at risk in the event of a spent
fuel fire. Due to its large wet storage facilities, the Barakah plant would present
a considerably larger threat than Iran’s Bushehr facility. In the case of a spent
fuel fire at either of these sites, there is a small but significant risk that one or
more major cities and smaller settlements in the region would receive levels of
fallout that would contaminate food and water supplies and require relocating
large numbers of people. Doha, Dammam, and Al-Hofuf are the most at-risk
cities considering a combined public health, food security, and water supply
impacts from a Barakah spent fuel pool fire. Relocation may also pose logistical
challenges for these cities, as such operations would likely need to cross inter-
national borders – Qatar and Bahrain in particular have limited land to house
evacuees. The most significant risks posed in the event of a spent fuel fire at
the Bushehr plant are to the Iranian city of Shiraz, which would be particularly
susceptible to public health and food security shocks. Iran’s city of Ahvaz and
Iraq’s Basrah also would be susceptible to these impacts. In the event of a spent

Figure 6. Food security risk profile due to radiation exposure from SNF radiation release from
Barakah and Bushehr in major Gulf cities based on 2010–2019 weather data.
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fuel pool fire at either Barakah or Bushehr, the common resources of the Gulf
itself would suffer from significant radiological contamination, potentially
spreading the impacts over a wider range of countries than the direct fallout.
The safest way to mitigate the risk of such disasters would be an agree-

ment to end the deployment of nuclear energy in the Middle East and rely
instead on the region’s natural gas and renewable energy resources.
Governments intent on pursuing nuclear power could reduce risks by
timely transfer of spent fuel into dry cask storage, and ultimately into geo-
logical storage to avoid dense packing of spent fuel pools. Iran has agreed
to transfer Bushehr’s SNF to Russia and could seek to do so as soon as it
has cooled sufficiently to do so safely. To further reduce accident risks, the
construction quality and operational safety standards of existing and new
plants in the region could be revisited, together with the IAEA and the par-
ticipants in the JCPOA. States also should work to prevent future attacks
on nuclear facilities; one model is a multilateral arrangement similar to the
bilateral one reached between India and Pakistan. Finally, states could
develop multilateral contingency plans for nuclear accidents and incidents
involving potential radiation release in the region.
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Annex A. Vulnerability factors

Table A.1. Population distribution in major Gulf cities (Source: World Population Review,
https://worldpopulationreview.com/).
City Population Normalized population

Doha 641,380 0.09
Manama 634,508 0.09
Dammam 1,252,523 0.17
Al-Hofuf 836,727 0.12
Abu Dhabi 1,482,816 0.21
Riyadh 7,231,447 1.00
Dubai 2,878,344 0.40
Sharjah 1,684,649 0.23
Kuwait City 3,114,553 0.43
Basrah 1,352,210 0.19
Shiraz 1,651,362 0.23
Ahvaz 1,244,250 0.17

Table A-2. Dependency on desalinated water supply in major Gulf cities.
City Water desalination dependency (% of water supply) Normalized desalinated water capacity

Doha 98% 0.98
Manama 35.60% 0.356
Dammam 60% 0.6
Al-Hofuf 0 0
Abu Dhabi 99% 0.99
Riyadh 50% 0.5
Dubai 99% 0.99
Sharjah 99% 0.99
Kuwait City 52% 0.517
Basrah 0% 0
Shiraz 0% 0
Ahvaz 0% 0

Table A.3. Agricultural output in major Gulf cities.
City Agriculture share of GDP (%) Normalized agriculture output

Doha 0.18% 0.019
Manama 0.30% 0.032
Dammam 2.50% 0.263
Al-Hofuf 2.50% 0.263
Abu Dhabi 0.77% 0.081
Riyadh 2.50% 0.263
Dubai 0.77% 0.081
Sharjah 0.77% 0.081
Kuwait City 0.50% 0.053
Basrah 3.30% 0.347
Shiraz 9.50% 1.000
Ahvaz 9.50% 1.000
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