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Abstract

In this research, each event and process relevant to the key works (or
scenario initiator) such as active fault/ seismic activity, huge meteorite,
volcanic activity, have been identified and the catastrophic scenario, which
inspires ordinary people to have tremendous concern, has been analyzed.

Based upon the characteristic events and process of each scenario
considered in the above and through the research of existing model of such
risk, quantitative concept (release amount magnitude, release mode, release
form,frequencyof:elease,probabilityetc.)andimpactonrepositorysysten
facility and environment have been analyzed, defended and defined. Model
which can assess and analyze such impact has been built. Using these models,
risks directly or indirectly caused by HLW repository have been calculated.

The risk calculated by the model developed in the above has been visualized

and presented by comparing with other risks.

This report is the result of research conducted by Mitsubishi Research
Institute, Inc. under contract with Power Reactor and Nuclear Fuel
Development Corporation.
Contract No. :080D0331
Department, section, and the name of staff in charge:

Hiroyuki Umeki, Isolation System Research Program, Radioactiye Waste

Management Project, Environmental Technology Development Division

* Energy and Natural Resources Dept., Research Center for Environment and

Development.
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Foreword

The safety of geological disposal of high level radiocactive waste is judged
by predicion of future behavior of disposal system which is simulated by
performance assessment ({PA} caleculations and analysis. However, the
structure of PA is so complicated with scenario, impact and data analysis
that it is very hard to explain the contents of PA results to the publiec.
Generally, potential risk to the public caused by geological disposal is
iliustrated by selected scenario analysis. People, including experts in
non-nuclear field tend to imagine an extremely unlikely scenarios which
experts in the field of high level waste PA exclude from their analysis. If
PA experts for HLW disposal actually evaluate such very extreme case, there
is a possibility that the results of the analysis may mislead the public,
This might cause the public unnecessary concern. But as research work, making
an actual analysis of extreme scenario case would help us understand the
meaning of such scenario analysis itself and gain an understanding of the
impact of the risk. Comparing the risk of such extreme cases with other risk
caused by non—nuclear activities has the potential to close the gap between
experts and public.

Through these efforts, this research aims to contribute to the safety

assessment of Japan’s HLW disposal.



1. Introduction

Of interest to this study is the extremely unlikely single event that
could theoretically destroy a repository configuration in the foreseeable
future. Possible phenomena that could destroy a repository configuration
include either a volcano that erupts through the repository or great seismic
events. Either of these would be extremely unlikely given the thorough
avaluations conducted during repository siting. Site selection excludes
those places close to active faults or volcanic activity. While extremely
unlikely, it is possible that new faults could develop or that magma could
intrude at a repository. Likewise, errors in the siting of a repository
could occur if active faults are not detected.

A meteorite impact of a very large mass could also disrupt a repository
configuration but such meteorite strikes are extremely unlikely™. Repository
destruction could also be postulated by intrusien of future human
generations in a variety of scenarios®. If we reflect back on cultures of
several thousand years ago, one can reasonable expect major changes in
cultures, governments and populations in the next several thousand years
that would allow people to lose knowledge of the repository and then disturb
the site. The extremely unlikely events just discussed are the subject of
this research in which the consequences are evaluated regardless of the low

probability of occurrence.



2. MHethodology

Assessment of the potential risks associated with extremely unlikely
events requires determination of the consequences and the likelihood of such
events. The consequences are predicted for both radiological and non-
radiological events and the likelihood is estimated from the earth's

geological record.

2.1 Radiological Consequences
Given an event that disrupts the configuration of a geologic high level

waste Trepository, assessment of the radiological consequences involves
estimation of the source term, the transport and dispersion of the source
term to potential receptors, and the biological impact on the receptors. The
source term is determined by considering the total material at
risk(repository or surface facility radionuclide inventory), the fraction of
inventory damaged, the fraction of the damaged inventory that becomes
airborne, and the fraction of the airborne material that reaches the
atmosphere. For a puff release, this can be written in equation
form as:

S = MAR X DR X ARF X LPF
where:

S = Source term for puff release, airborne release from repository

boundaries

MAR= Material-at-risk,

DR = Damage ratio,
ARF= Airborne release fraction, and

LPF= Leak path factor.

For a continuous release, the equation becomes:

S = MAR X DR X ARR X LPF



where:
S = Source term for continuous release, airborne release rate from
repository boundaries
MAR= Material-at-risk,
DR = Damage ratio,
ARR= Airborne release rate, and

LPF= Leak path factor.

The RSAC computer code®was selected for assessment of radiological
impacts from events involving a small region and was also used for
assessment of events potentially involving a large region or a region with
global implications. For radiological exposures resulting from inhalation of
radionuclides, the fraciton of the airborne material that has particle sizes
in the respirable range(less than about 10 microns)is considered in the

analysis.

2.2 Non-Radiological Gonsequences

In addition to radiological consequences, extremely unlikely events
related to volcanism, great seismic events, and cosmic impacts also have
non-radiological conseqguences. Estimates of the consequences of such events
are based on world-wide records of similar experiences. The consequences

assessments are performed on a scenario-specific basis.

2.3 Assessment of Likelihoods

Because we have comparatively few experiences with extremely unlikely
events, the frequency of occurrence of such events is basgd on
interpretation of the earth’s geological record. A large amount of
information has been developed relating to the frequency of occurrence of
extremely unlikely events. Studies of potential seismic, volcanic, and

meteorite events in Japan have been previously considered®.



2.4 Uncertainties

Uncertainties exist in both the assessment of consequences from extremely
unlikely events and the assessment of likelihood of extremely unlikely
events. Most of the uncertainty associated with radiological consequences
relates te the amount of radiocactive material released. Additional
uncertainty in radiological consequences results from radicactive material
transport  assumptions that depend on  metecrological conditions.
Uncertainties in non-radiological consequences result from limited data for
statistical analysis of effects from large earthquakes, volcanoes, and
meteor impacts. Uncertainties in the likelihood exist because we have
comparatively few examples of extremely unlikely events from which to
extrapolate to a given site. These factors are judged to cause uncertainties

of at least one order of magnitude in risk.



3. Active Fault

3.1 Active Fault Event Scenario

It is postulated that a geologic HLW repository is sited in a location
where movement of an active fault(or the formation of a new fault)causes
failures of emplaced waste packages and provides for a direct leak path
through the fault to the atmosphere. A simplified schematic diagram of the

accident scenario is shown in Figure 1.

Release of
radionuclides

~ Grou

)}g%-}!‘i
e

i
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Figure 1 Schematic Diagram Depicting Postulated Active Fault Seenario
(Not to scale, actual depth of emplaced waste packages would be

several hundred meters.)}



3.2 Event Likel ithood

The principal factors that influence the likelihood of fault movement are

illustrated in the logic diagram shown in Figure 2.

Is the repository sited

near a known active

fault?

Is it sited near an
inactive fault that

becomes active?

h 4

1073/y 10°%/y | Can a new fault develop
at the repository site?

1078/y

v

v h h

No fault movement in repository

Potential for fault movement in repository

Figure 2 Logic Diagram Illustrating Conditions That Could Lead to Fault

Movement in an Underground Geologic HLW Disposal Facility



The number of waste packages that could be damaged by the active fault
depends on the total number of waste packages and the repository’
configuration. The present study investigates the impact of having 1000

waste packages crushed by the fault movement.

3.3 Radicactive Source Term
The product of the MAR and DR involves 1000 waste packages. Using the
methods of Mishima®, the pulverized fraction of solids can be estimated by:

PULF= Apgh

where:
PULF= fraction pulverized to 10um or less
A = empirical correlation, 2E-1lcm® per g-cm?/s?

specimen density(g/cm?)

k=]
1l

gravitational acceleration(980 cm/s? at sea level)

=
]

equivalent drop height (cm)

The total airborne release to the underground fault boundary is estimated
to be about one gram per hour from 1000 fractured waste packages.

Perhaps the most uncertain parameter is the leak path factor (LPF)which
would depend on the configuration of the repository as well as the
characteristics of the fault and openings to the ground surface.

For the present analysis, a very conservative leak path factor of 0.1 is

assumed and the resulting source term is 0.1 g/hr.

3.4 Event Consequences
3.4.1 Radiological Impacts

For radiological impacts, estimates are made of the radiological
exposures in terms of the increased risk of a fatal cancer of a maximally

exposed individual at various distances from the release point. The analysis



assumes 1000 year old waste packages and conservative meteorological
conditions(stagnant). For purposes of comparison, an individual without
radiclogical exposure from a nuclear accident has about one chance in
five (20 percent)of developing a fatal cancer in their 1lifetime.

For a maximally exposed person such as a facility worker who stays at a
location 100m from the release point for 8 hours before evacuation, the
lifetime risk of developing a fatal cancer increases from 20 percent to 20.1
percent. A maximally exposed person who stays at a location 1lkm from the
release point for 8 hours before evacuation increases the lifetime risk of
developing a fatal cancer from 20 percent to 20. 001 percent.

At 10km from the release point, a maximally exposed person may spend a
full year and increase the lifetime risk of developing a fatal cancer from
20 percent to 20.06 percent. At 100km from the release point, a maximally
exposed person may spend a full year and only increase the lifetime risk of
developing a fatal cancer from 20 percent to 20. 004 percent. If a population
center of 1 miliion people were exposed at 100km from the release point, an
additional 40 fatal cancers could occur in the lifetime of the exposed
population as a result of the radiclogical exposure. These values suggest
that the radiological risk from a seismically-induced direct release of

radioactive materials to the atmosphere is small.

3. 4.2 Non-Radioactive Impacts

The non-radiological impacts of a great earthquake include financial loss
and interruptions in basic services as well as loss of life. To compare with
the radiological risks, estimates of potential loss of life are examined.

As shown in Table 1, data from 1900 to 1990 indicate there have been
eight earthquakes in Japan that have caused 1000 or more deaths. Based on
these records, a large earthquake could be fatal to several thousand people.
For purposes of the present research, 1000 deaths are believed a more

credible estimate because improved construction techniques and seismic
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design help to limit the number of deaths as compared to the historical

record.
Table 1 Historical Earthquakes in Japan
(from United States Geological Survey)

Date Location Deaths Magnitude Comments
1923 Tokyo—-Yokohama 143, 000 | 8.3 | Great Tokyo Fire
1927 Tango 3, 020 7.9
1933 Sanriku 2, 990 8.9
1943 Tottori | 1,190 7.4
1944 Tonankai 1, 000 8.3
1945 Mikawa 1, 900 7.1
1946 Tonankai 1, 330 8.4
1948 Fukui 5, 390 7.3

— 11—



4, Volcano
Over half of the world’s volcanoes are along the Pacific “ring of fire”

and about 10 percent of all of the world’'s volcanoes are in the Japanese
Island chain. In February 1997, the Volcano Research Center at the
University of Tokyo listed eight ongoing and recent volcaniec eruptions in or
near Japan: Sakurajima (see Figure 3), Suwanose—Jima, Fukutoku-Okanoba
{submarine), Me—Akan, Adatara, Kuju, Hokkaido-Komagatake, and Unzen. Kikai,
one of the world’ s four magnitude 7{Volcaniec Explosivity Index)volcanoes in
the last 10,000 years, occurred in Japan in 4350 BC. Characteristics of

selected worldwide volcanoes and their magnitudes are listed in Table 2.
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Figure 3 Explosive Eruption of Sakurajima Volcano Showing Lightning

Discharges (from Sakurajima Volcananological Observatory{SV0))

_j3_



Table 2 Characteristics of Selected Worldwide Volcanoes

(listed chronol ogircal 1y)

Eruption Place Year VEI® Comments
Toba Indonesia 71000 BC 8 Last magnitude 8 volecano.
Earth’ s temperature plunged
12C, and may have initiated an
ice age
Crater Lake Oregon, USA 4900 BC 7
Kikai Japan - 4350 BC 7
Vesuvius Italy 79 5 Most famous and powerful
eruption in 79 AD claimed over
3000 fatalities
Baitoushan China/Korea 1050 7 ' o
Fuji o Jépan 1707 5 No larger volecano has occurred
in Japan since this eruption
Unzen | Japan 1792 3 15,000 fatalities(most from a
| tsunani), also active in 1991,
killing 44
Tambora | Indonesia 1815 7 Last magnitude 7 volcano, killed
L 1 10,000 in blast and caused crop
fallure and famine for total of
| 92,000 fatalities. Known as the
“year without a summer”
Krakatua Indonesia 1883 6 Total of 36,000 fatalities,
about 30, 000 were from a tsunami
Mount Saint Washington, 1980 5 58 fatalities, 1.2 billion
Helens USA dollars in damage
Pinatubo Philippines 1991 6 932 fatalities, quarter of a

million people evacuated,
earth’ s temperature decrease

0.5C

8 Volecanic Explosivity Index,
volcanic magnitudes: O-non-explosive,

3-severe, 4-cataclysmie,

— 14—
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4.1 Scenario due to Volcanism

Ve postulate that a geologic HLW repository is sited in a location
where volcanic events cause failures of emplaced waste packages and
provide for a diréct path to the atmosphere.

Because this research is driven by the publie perception of a large
volcanic event emerging through a geologic HLW repository, the potential
radiological consequences are evaluated for a single volcano with a
volcanic blast, an eruption column, and pyroclastic flows. Such
phenomena are characteristic of the large volcances with orogenic magnma
intrusions(high water, high silica)located around the Pacific “ring of

fire.”

4.2 Event Likelihood

If one assumes there are about 60 aective volecanoes in Japan and each
of these emerged within the last 30, 000 years, then the probability of
the emergence of a new volcano somewhere in Japan would be forecast at
2x107per year. This probability is conservative because some of the 60
active volcances are submarine and because some volcances are much older
than 30, 000 years. If one assumes(for the moment)an emerging volcano is
randomly distributed within Japan and is within a circle 8km in diameter
that also contains the HLW repository, the conditional probability of
the volcano emerging in the circle is the area of the circle{about
50km?)divided by the area of Japan(about 380, 000km?)or about 1.3x10°%
But we know such events are not randomly distributed. A new voiacano is
at least 1000 times more likely to emerge in traditional volcanic zones
that are about 126km above the location where the subducting plate
descends into the earth’s mantle than in a non-volcanic area suitable
for a HLW repository. Combining these factors, the overall likelihood of
a volcano emerging through a geologic HLW repository is conservatively

estimated at less than 3x107! per year.
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4.3 Radiocactive Source Term

The present study investigates the impact of having 1000 waste
packages destroyed by the volcanic eruption{product of the MAR and DR is
1000).

The current assessment only considers the radiological impacts of the
radioactive materials that are part of the volcanic eruption column. The
eruption column carries traces of radiologically contaminated glass
fragments from the vitrified waste into the troposphere and lower
stratosphere.

The airborne release factor (ARF)depends on how the volcano affects
the repository as well as the age of the emplaced waste packages. For
the present analysis, a respirable airborne release factor of 0.01 is
conservatively applied to the affected waste inventory. This value is 10
times larger than the dust production value for submicrometer particles
used by Toon, et al. for pulverized rock that results in globally

distributed dust®.

4.4 Gonsequences of Volcane at Repository

The dispersion characteristics of radionuclides in the atmosphere
depend on the characteristics of the volcanic eruption as well as a
number of global factors. For simplicity, the radiological exposures are
calculated for a case with 100% of the respirable airborne radioactive
particles uniformly distributed over the earth’s troposphere.

A source of uncertainty lies in the diffusion characteristics and
residence time of the radicactive particles once in the atmosphere.

Because of agglomeration with the tremendous mass of non-radioactive
materials, one would expect most of the radicactive particulates to
fallout exponentially during the first year. For the case analyzed here,
exposures are conservatively calculated for a linear rate of particulate

fallout over the course of a year.
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Based on the initial radionuclide concentrations, radicactive
exposures were calculated with the RSAC computer code®. Assuming a
world population of 5.9 billion people, and an average lifetime risk of
developing a fatal cancer of 20 percent without the radioactive exposure,
individuals would have an excess cancer rate caused by inhalation of
radionuclides of about 0.00006 percent, or a total lifetime risk of
developing a fatal cancer of 20.00006 percent. Non-radiological impacts
could vary depending on the warning time and population distribution.
For comparative purposes, it is assumed that 1000 people are killed by
the blast and that 80,000 more people die from famine caused by world-

wide crop failures(similar to the Tambora eruption, Table 2).
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5. Cosmic Impacts
5.1 Gosmic Impacts without Involvement of HLW Repository
5.1.1 Relationship of Risk to Size of lmpactor

Small impacting objects~--the meteors or fireballs--dissipate their
energy in the upper atmosphere and have no direct effect on the ground
below. Only when the incoming projectile is larger than about 10m
diameter does it begin to pose some hazard to humans. The hazard can be
conveniently divided into three broad categories that depend on the size

or kinetic energy of the impactor:

Category 1(10m to 100m diameter impactors)

Impacting body generally is disrupted before reaching the
surface; most of its kinetic energy is dissipated in the
atmosphere resulting in potential local .effects.

Category 2(100m to lkm diameter impactors)

Impacting body reaches ground sufficiently intact to make
a crater; effects are still chiefly local, although nitric
oxide and dust can be carried large distances, and there
will be a tsunami if the impact is in the ocean.

Category 3(lkm to S5km diameter impactors)

Large crater—forming impact generates sufficient globally

dispersed dust to produce a significant, short-term change

in climate in addition to devastating blast effects in the

region of impact.

The threshold size of an impacting body for each category depends on
its demsity, strength, and velocity as well as on the nature of the
target. The threshold for global effects, in particular, is not well

determined.
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5.1.2 Risk Analysis
(1) Frequency of impacts of different sizes

To address the risk of cosmic impacts, an assessment of the frequency
of events of different magnitudes is first considered. Small impacts are
much more frequent than large ones. For purposes of discussion, two
cases are considered: The threshold globally catastrophic impact
discussed above(category 3), and for comparison, a Tungusuka-class
impact from a smaller object perhaps 100m in diameter (category 1(~2)}).
In the calculations given below, the values are estimates used to
illustrate the general magnitudes involved and uncertainties of a factor

of two are acknowledged.

For the globally catastrophic impact:

Average interval between impacts:500, 000 years

For the Tunguska-class imapcts:
Average interval between impacts for total Earth: 300 years
Average interval between impacts for populated area of Earth:
3, 000 years
Average interval between impacts for world urban areas:

100, 000 years

(2) Annual risk of death from impacts

One way to address the risk is to express that risk in terms of the
annual probability that an individual will be killed as a result of an
impact. This annual probability of mortality is the product of(a)the
probability that the impact will occur and{(b)the probability that such

an event will cause the death of any random individual.

— 19—



For the globally catastrophic impact:
Average interval between impacts for total Earth: 500, 000 years
Annual probability of impact: 1/500, 000
Assumed fatalities from impact: one-quarter of world population
Probability of death for an individual: 1/4

Annual probability of an individuals death: 1/2, 000, 000

For the Tunguska-class impact:
Average interval between impacts for total Earth: 300 years
Annual probability of impact: 1/300
Assumed area of devastation and total mortality from impact:
5, 000km?
Probability of death for an individual: 1
Area of Earth: 5x10%km?

Annual probability of an individual’ s death: 1/30, 000, 000

The annualized risk is therefore about 15 times greater from the

large impact than from the Tunguska-class impact.

5.2 OCosmic Impacts with Involvement of HLW Repository
5.2.1 Event Likelihood

Using the NASA analysis above, the likelihood of a Category 3 object
impacting near a repository can be calculated. For simpliecity , if a
cosmic object with a threshold diameter of 1 to Zkm impacts within 5Skm
of the geologic HLW Repository, emplaced radioactive materials are
assumed to be released to the atmosphere. Using a frequency of 2xI107®
strikes per year for anywhere on Earth, the likelihood of a Category 3
object impacting a particular 10km diameter circle centered over the

repository is:
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PuLw (2x107%) (target area)/(Earth area)

(2x107%) (78.5)/(bx108)

3x10™® per year

where P nLw represents the probability of a cosmic object 1 to Zkm
in diameter (threshold for global events)striking within a 10km diameter

circle centered over the geologic HLW repository.

5.2.2 Radioactive Source Term

When determining the radicactive source term, the 'damage ratio
depends on how close the cosmic impact is to the repository and how deep
the impact crater is compared to the depth of the waste packages. The
source term for the cosmic impact scenario is greater than the source
term for the volcanic eruption scenario because the démage ratio is
judged to be greater. The cosmic impact scenaric assumes that 50, 0G0
waste packages are damaged while the volcanic eruption scenario assumes
only 1000 waste packages.

Because of uncertainties in the configuration of the.repository and
uncertainties in the type of damage to the repository, there is also a
very large uncertainty as to the appropriate values for airborne release
factors and respirable fractions. For the present amalysis, a respirable
airborne release factor of 0.1(combined airborne release factor, ARF,
and leak path factor, LPF, judged to be conservative)is applied to the
entire waste inventory.

For simplicity, the radiological exposures are calculated for a case
with 100% of the respirable airborne radiocactive particles uniformly

distributed over the Earth’s troposphere.
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Figure 4 Artist Don Davis’s Depiction of a Huge Meteorite Striking the

Earth (Courtesy National Aeronautics and Space Administration

(NASA))
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5. 2.3 CGonsequences of Cosmic [mpact

The bounding consequences of a large cosmic impact at a HLW geologic
repository are assumed to be (l)the repository is destroyed, (2)blast
damage, earthquakes, possible tsunamis and extensive wild fires ignited
by the enormous thermal radiation from the cosmic impact destroys all
life forms within a diameter of about 1000km‘®, (3)portions of the
radicactive wasﬁe and several cubic kilometers of materials in the
impact crater are vaporized, (4)particulates are dispersed to the
troposphere and stratosphere as small dust particles, (B)the
paerticulates block sunlight and reduce the temperature of the Earth in
the year following the event resulting in the death of one quarter of
the world’'s population from starvation and other weather-related events.

A source of uncertainty lies in the diffusion characteristics and
residence time of the radicactive particles once in the atmosphere.

For the case analyzed here, exposures are conservatively calculated
for a linear rate of particulate fallout over the course of a year.

Based on the initial radionuclide concentrations, radiocactive
exposures were calculated with the RSAC computer code®. Assuming a
world population of 5.9 billion people and an average lifetime risk of
developing a fatal cancer of 20 percent without the radiocactive exposure,
individuals would have an excess cancer rate caused by inhalation of
radionuclides of about 0.03 percent or a total lifetime risk of
developing a fatal cancer of 20.03 percent. 0f the nearly 1.5 billion
deaths caused by the cosmic impact, less than two-tenths of 1 percent
would be attributable to radiocactive exposures from radionuclides in the

repository.
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6. Interpretation of Results

For the accidents studied in this report, the incremental risk of an
individual dying of a radiation-induced fatal cancer is very small
compared to the background probability of 0.2

Based on the analyses presented in Chapters 3, 4, and 5 for active

fault movement, volcanism, and cosmic impacts at a HLW geclogical

repository, the number of expected deaths per 100,000 people from
extremely unlikely events was estimated and ecompared to the nominal
accidental death rate reported for other accidents in Japan. The death
rate from sach event as well as the ratio of the death rate from “Other
Accidents in Japan” to the sum of the death rates from each of the
extremely unlikely events is summarized in Table 3. The last column in
the table indicates that a Japanese individual is over 10° to 10 times
accidents than from the extremely

more likely te die from “normal”

unlikely events considered in this report.

Table 3 Expected Death Rates from Extremely Unlikely Events and from

Other Accidents in Japan

Type of Event

Expected deaths per
100,000 people from

Expected deaths per
100,000 people from

Times more likely to
die from accidents

in Japan

Non-Radiological Radiological Impacts in Japan

Impacts
Active Fault 1.0E—04 3.6E— 06 2.6E+4+05
Movement
Volcanic Eruption 4,1E—-10 1.8E~11 6.3E+10
Cosmic Impact 7.5E—09 8.9E—12 3.6E+09
Other Accidents 27 near 0 -

Even though these analyses are intended to be conservative (or overstate

the risks), it is acknowledged that there are large uncertainties in both
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the estimates of likelihood and consequences for extremely unlikely events.
However, even if the results are underestimated by two or three orders of
magnitude, the risks from the extremely unlikely events considered herein

are negligible compared to the everyday risks from accidents in Japan.

— 95



Afterword

We studied the accident scenarios (direct release scenarios)initiated by
active fault/seismic activity, volcano and cosmic impacts on high-level
radicactive waste (HLW) disposal sites in Japan.

Risk analysis conducted here sugguests that the risks caused by these
direct release scenarios are negligible compared to the everyday risks from
accidents in Japan.

The nexst matters are to be considered as
@D risk analysis on the direct release scenario such as uplift/erosion,

climatic change and human intrusion

@ extension of this static representation of risk to a dynamic one.
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