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1.  INTRODUCTION

The Nuclear Waste Policy Act of 1982 estabiished the process for the
selection of sites for the disposa1 of spent nuclear fuel and high-level
radioactive waste .(HLN). ~ Sites nominated and recommended by the u.s.
Department of Ehergy (DOE) for chéracterization are described in the
Environmental Assessments (EA) for each of the nine potentially acceptable

sites., Comments were solicited by the DOE from the public régarding the
draft EAs,

This study was performed in reéponse to public comments on the comple-
feness and appropriateness of the risk analyses reported in the draft EAs.
The study was meant to provide rapid and generic estimates of risks f0~
individua1s and populations from transportation of spent fuel to a
high-level waste repository or to temporary storage. These estimates were
jntended for inclusion in the final EAs. The assumptions used in this
study tend to be vefy conservative, but the. risks c&lcu]ated are still
relatively Tow.

In the future, more detailed analyses will be performed as part of the
preparation of Environmenta1'1mpact Statemenis. Also, procedures to reduce
dose rétes will be determined and route-specific risk calculations will be
made. It is expected that as a consequeh;e of these refinements subsequent
risk estimates will be considerably lower than those reported here.A

Chapter 2 of this report describes éstimates of risks to indfviduals
from normal operations in the transportation of spent commercial reactor

fuel by truck or rail. Chapter 3 describes estimates of risks to indivi-

duals and populations from several kinds of very severe but credible acci-

dents involving a rail cask containing spent fuel, It also gives estimates



olf areas contaminated by releases of nuclides from these accidents and a
few cost estimates for _c'leahing up contaminated areas., Chapter 4 givés'
brief statements of the conclusions drawn from these analyses. The appen-

dices provide examples of the computer-generated information. employed in

“the study.




2. RADIATION EXPOSURE FROM NORMAL TRANSPORT OF SPENT FUEL
_ BY TRUCK AND RAIL CASK '

Large qu;ntities of spent fuel from power reactors will be shipped by
truck or rail from the point of generation- or temporary storage to the
designated nuclear waste repository. ‘This activify has the potential for
jncreasing radiation exposures of individuals above their normal background
levels in the near vicinity of the transportation route. This chapter
provides estimates of the neutron and gémma rédiatioﬁ field surrounding
spent fuel truck and rail casks. It examines radiation.doses that could
result from representative activities of indiViduals within the influence
of this radiation field during normal, accident-free transport of spent
fuel by truck or rail. |

The transportation casks thatvwil1 be employed to ship spent fuel via
truck or rail must satisfy numerous regulatory and design requirements
imposed by NRC, DOT, DOE, etc. Truck and rail spent fuel casks must
satisfy DOT regulations that require that the radiation dose equivalent
(dose) raﬁe not exceed "10 millirem per hour at any point 2 meters
(6.6 feet) from the vertical ﬁlanesv represented by the outer lateral
surfaces of the transport vehiﬁle, or in the case of an open transport
vehicle, at any boiht 2 meters from the vertical planes projected from the
outer edges of the conveyence" (Ref 1). The outer edges of the conveyence
are conservative1y assumed to establish this boundary for both the truck
~ and rail casks. Therefore, it has been assumed that the total maximum dose
rate 2 meters from thé outer edges of thé transﬁort conQeyeﬁce is no
greater than 10 mrem/hr regardless of the type of radiation (viz., gamma
photons . andﬂ neutrons) and the shielding material composition and

configuration assumed by the actual truck or rail cask systems used for
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spent fuel transport (Ref 2). - This conseryative assumption eliminates the
| need to account for the compositioﬁ “and configuration of ~shié1din§ -aﬁd
containment materials used in the casks, which are still being developed.
of toﬁrse it is possible that cqrrent federal regulations may be changed

regarding allowable radiation doses and spent fuel transportation,

2.1 DEVELOPMENT OF THE GAMMA RADIATION EXPOSURE MODEL

Iﬁ this analysis the spent fuel transported in a truck or rail cask
was . treated as_a.uniform 1ine source of gamma radiation with a 1engfh equai
to a typicai pressurized wéteﬁ reactor (PWR) fuel assembly. |

The assumption of a uniform linear source to represent the fuel
assembly or assemblies, rather than a source that is greater at ‘the center
and smaller at the ends, is conservative. The highestbradiation dose rate
in either case will occur at a point adjacent to the center of the
radjation source. Using the uniform source model the projected dose rate
will be greatér at the ends of the vcask than with the non-uniform
representation. - éinCe the maximum allowable dose rate is the same for
either case, the result is higher calculated dose rates at fhe ends of the
transport cask than would occur if a nonfuhiform gamma source was used.

The gamma dose rate radiation fjeId ﬁ at radial-position r and axial
position z from the cask's axis is shown in Figure 2-1. The mathematical

model for the dose rate Q is given by the following equation (Ref 3):

é(r,z) - S B(r,z) {Arctan l(% + z)] + Arctan L., (1)
4nr . r\2 r\2



effective line gamma radiation 'source strength (mrem - m/hr)

§ =
B(r,z) = effective gamma buildup factor (dimensionless)
L = length of the line radiation source, e.g., a spent LWR
fuel assembly (m)
r,z = the radial and axial position from the center of the line

. source (m)

It can be shown from Equation 1 that the location which dictates the
radiation field for compliance with DOT regulations (Ref 1) is the position
r = Rand z = 0. The value of the effective line source strength, S, can .

‘be found by requiring that

H(R,0) = 10 f(y) mrem/hr

where

f(y) fraction of the dose rate at R due to gamma photons

-
"

radial position for 10 mrem/hr boundary
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FIGURE 2-1. SCHEMATIC AND COORDINATES FOR RADIATION FIELD AROUND
A SPENT FUEL CASK.
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From Equat1on 1 it 1s found that the gamma source strength is g1ven by

S = 278 H(R,0)
" B(R,0) Arctan(L/2R)

The radiation buildup factor B(r,z) is defined as the ratio of the
total gamma dose’rate tq-the direct gamma dose rate, 1.e., the total dose
rate due’to eo11ided and uncollided photons divided by that due only to
uncollided photons. The buildup factof accounts for those photons that are
scattered by the atmosphere (referred to as skyscatter) and those scettered
by the ground (referred to as groundscatter). ‘

It has been observed experimentally that the presence of ground
scattering in practica1 gamma-ray source configurations can result in
significant buildup of the radiation exposure (Refs 4, 5, 6). The buildup

of the photon dose due to skyscatter and groundscatter js assumed to be

given by:
B(r,z) = 1 + B(atmosphere) + B(ground) ’. (2)

A simple but adequate linear model for atmospheric skyEcatter is (Ref 7):

B(atmosphere) = ¢ ua‘}rz + 22 (3)

where

¢ = a constant
Ha = the effective photon attenuation coefficient for air (1/m)
r,z = the radial and axial positions from the center of the line

source as shown in Figure 2-1 (m)

Evaluation of the component of the buildup factor for the
groundscatter, B(ground), is more comp1ieated than skyscatter. Although

both components arise primarily due to Compton scattering of photons, the
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marked increase in atom density of the ground over the atmosphere

(viz., about a three orders of magnitude increase), requires special

consideration.

‘ The mathematical model employed to describe phdtons emitted from the
1ine source (the spent fuel) which undergb Compton scattering with the

ground is given by .

. - 2
B(ground) = |1 + (ho - M7} N 4 (4)
, ré + z¢ | 2eu
where
hg = effective height of the spent fuel 1ine source above the
ground (m) )
hy = effective height of the point of dose- measurement (m)
N = mean atom density of ground materials (atoms/m3)
j. = effective photon attenuation coefficient for ground
materials (1/m)
e = effective ground penetfation factor (dimensionless)
I = the expression which accounts for Compton scattering of

photons from the spent fuel to the point of dose measure-
ment, integrated over the ground surface (mzlatom)

The full expression for the term I is given by

I = fmfwﬂz . x2dBdx

¢ o da(s?+x2)3/2 1+ t2 + x2 - 2xcosf)’

where

2. ho? 2. hf

rZ + 22 rZ + 72
@ = the Compton scattering angle

and

do ., B

dn 1+ x2 + tZ - 2xcosf
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The express1on g1ven for da%dﬂ is an approx1mate differential Compton cross

~section (Ref 8) for photon scattering from the ground. The parameters A

and B represent constants chosen to best fit the Compton scattering cross

section for the photoh energy distribution from the cask.

2.2 DEVELOPMENT OF THE NEUTRON RADIATION EXPOSURE MODEL

The spent fuel also contains transuranic elements which are produced
as a result of neutron captﬁre in uranium (and thorjum, if preseht) Many
of these nuclides (including isotopes of uranium, pluton1um curium, etc. )
undergo spontaneous fission resulting in the emission of neutrons. A
predominant neutron emitter encountered in spent fiel from light water
reactofs is the isotope curium-244 (Cm-244) which has a half-life of
18.1 years. A typical PWR spent fuel assembly § years out of the reactor

contains about 600 curies of Cm-244 which decays predominantly by‘alpha

| emission and 0.00013 percent of the time by spontaneous ffssfon, emitting

neutrons with a standard fission enefgy spectrum.

The energy dependent neutron flux field from the spbntaﬁeous fission
neutron emitters was calculated for a standard truck and rail spent fuel
cask using DISNEL, a generalizedAone-djmensional, multiple energy group,

neutronics computer code (Ref 9). The spontaneous fission neutrons were

assumed to be uniformly distributed within the spent fuel regiohs of the

casks. Standard spent fuel cask configurations and material compositions
fof both truck and rail casks as specified by Reference 10 were employed.
The outer boundary condition used for the calculations was conservatively
set to 300 meters from each cask so that the principal region of interest
for neutron dose evaluation (i.e., < 150 meters) would not be significantly

affected by the choice of boundary conditions.
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The neutron equivalent dose rate H(r) was determined from the

neutron energy dependent flux distribution j(r) as follows:
NG

CH(r) = ?;lm(r) DF 3 | (5)
where
r = position vector
ﬁ(r) = neutron dose rate (mrem/hr)
bi(r) = neutron flux for the ith energy group (neutrons/m? sec)
DF; = dose conversion factor for the ith energy group (mrem . m2 -
sec/neutron - hr)

NG = number of neutron energy groups

A graph of the dose conversion_factor is given in Figure 2-2.

Once the neutron dose rate field was established, it was normalized to

satisfy the relation
H{R,0) = 10 f(n) mrem/hr
where

_ fraction of the dose rate at R due to neutrons

. f(n)

Fe)
L}

radial position for 10 mrem/hr boundary

2.3 COMPUTER PROGRAM FOR ESTIMATING THE DOSE RATE FROM A SPENT FUEL CASK

A program called PATHRAE-T (Ref 11) has been developed from an
Environmental Protection Agency computer‘code to provide the total dose
rate field arising from neutrons and gamma photons for any position around
truck or rail casks. The code permits the cask and the point of dose

-assessment to be Tlocated at any position above the ground and
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FIGURE 2-2. NEUTRON FLUX DOSE CONVERSION FACTOR (NEUTRON FLUX THAT

GIVES DOSE EQUIVALENT RATE OF 1 mrem/hr AS A FUNCTION
%F NEgTRON ENERGY). BASED ON APPENDIX 6, ICRP PUBLICA-
ON 21. '
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conservatively accounts for radiation buildup due to both air and ground
Scattering. | ‘

The PATHRAE-T code provides a convenient table of dose rates and a
“piétoria] mapping" output of the position-dependent radiation field
surrounding the cask. This pefmits the easy assessment of the total dose

for ‘any proposed activity or sequence of events in the vicinity of the

cask.

2.4 DOSE RATES AND DOSES FOR TYPICAL SPENT FUEL TRUCK AND RAIL CASKS

The gamma and neutron dose field around the casks was calculated from-
Equations 1, 2, and 5 by PATHRAé-T. The factors f(¥) and f(n) (i.e., the
fractions of the dose rate from gamma radiation and neutrons at'the 2 m
boundary f}om the truck cask surface) were assumed to be as given in
~ Table 5.2 of Reference 10 for 5 year old spent fuel in a cask with a wet

‘neutron shield and dry fuel cavity. This distribﬁtion for  the truck cask
.'was determined to be 65 percent gamma dose rate and 35 percent neutron dose
rate. For the rail cask the distribution‘was 50 percent gamma dosé rate
and 50 percent neutron dosevrate. The rail cask distribution comes from
Table 5.1 in Ref 10 for a wet neutron shield and dry fuel cavity.

Figure 2-3 shows the dose rate field obtained from PATHRAE-T (see
Appendix A) surrounding a spent fuel truck cask. Isodose lines are given
in units of microrem per minute as functions of distance from the center of
the cask. Because of symmetry of the field, only one quadrant is shown,
Thus the radiation dose rate at the trailer's front or rear wheels is about
100 microrem per minute, while the dose rate outside the cab door of the

tractor is about 50 microrem per minute.
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Figure 2-4 shows the dose rate field surrounding the spent fuel rail
cask. ,
.v Appendik A of this report provides the detailed dose rate maps
produced by the computer code PATHRAE-T for both the near field (0 to
15 mefers) and far field (0 to 150 meters) for both truck and rail casks.
Thé appendix also provides a table of the data employed'for describing the
truck and rail casks and the environmental parameters.

Tables 2-1 and 2-2 provide tabulations of maximum individual exposure
events which might occur within the radiatioh field of a spent fuel cask in
-normal transport. Many of these potential exposure events (e.g., caravan
and traffic obstruction) wi]]_not-necessarily occur Qith eéch spent fuel
shipment. Furthermore, the distances and exposure times are chosen to
repreent unlikely values which in combination result in maximum credible
individual exposures. Four classes of normal speht fuel transportation
exposure are postulated for both truck and rai]lcasks. The first class is
the caravan scenario, which includes all exposures arising frombevents in
which people are traveling a1ong the same transportatioh route as the spent
fuel cask. For example, passengers in vehicles traveling ahead, to the
side, or behinq the truck cask might be subject to exposures. For this
scenario class, the minimum nominal distance between the passengers and the
cask is estimated at 10 meters for a maximum exposure time of 30 minutes.
From Figure 2-3, the dose rate at about 10 meters from the truck cask is

about 40 microrem per minute. Therefore, the maximum individual dose is

estimated to be

40 Ere™ » 30 min = 1200 prem
min :
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TABLE 2-1

PROJECTED -MAXIMUM INDIVIDUAL EXPOSURES FROM HORMAL SPENT FUEL TRANSPORT BY TRUCK CASK*

State weight scales

Maximum
Description Distance To Exposure Dose Rate
{Service or Activity) Center of Cask Time and Total Dose
Caravan ,
Passengers in vehicles traveling in 10m’ 30 min 40 prem/min
adjacent lanes in the same direction 1 mrem
as cask vehicle .
Traffic Obstruction
Passengers in stopped vehicles in 5m 30 min - 100 prem/min
lanes adjacent to the cask vehicle 3 mrem
which have stopped due to traffic
obstruction
Residents and Pedestrians
Slow transit (due to traffic control 6m 6 min 70 prem/min
devices through area with pedestrians) 0.4 mrem
Truck stop for driver's rest.. Exposures 40m 8 hours 6 prem/min
to residents and passers-by. {assumes overnight) 3 mrem
Slow transit through area with residents 15 m 6 min 20 urem/min
{homes, businesses, etc.) 0.1 mrem
Truck §ervicing
Refueling (100 gallon capacity) . 7'm (at tank) 60 wrem/min
- 1 nozzle from 1 pump ' - 40 min 2 mrem
- 2 nozzles from 1 pump 20 min 1 mrem
Load inSpection/enforcement 3m 12 min 160 prem/min
(near personnel 2 mrem
barrier) .
Tire change or repair to cask trailer Sm 50 min 100 prem/min
{inside tire 5 mrem
nearest cask)
Sm 2 min 80 prem/min

0.2 mrem

* These exposures should not be multiplied by the expected number of shipments to a
repository in an attempt to calculate total exposures to an individual; the same person
would probably not be exposed for every shipment, nor would these maximum exposure cir-,
cumstances necessarily arise during every shipment,
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PROJECTED MAXIMUM INDIVIDUAL EXPOS

- Description
(Service or Activity)

TABLE

2-2

URES FROM NORMAL SPENT FUEL TRANSPORT BY RAIL CASK*

Maximum
Dose Rate

and Total Dose

Caravan

Passengers in rail cars o
vehicles traveling in same
vicinity as cask vehicle

Traffic Obstruction

Exposures to persons in vicinity of
stopped/slowed cask vehicle due to
rail traffic obstruction

Residents and Pedestrians

direction and

Slow transit (through station or due to
traffic control devices) through area with

pedestrians

Slow transit through area with residents

(homes, businesses, etc.)

Train stop for crew's personal needs
{food, crew change, first aid, etc.)

Train Servicing

Engine refueling, car changes, train
maintenance, etc.

Cask 1nspectionlenfqrcement by train,
state or federal officials ’

Cask car coupler inspection/maintenance

Axle, wheel or brake inspection/
Jubrication/maintenace on cask car

* These exposures
repository in an attempt to calcula
would probably not be exposed for every shipment, n
cumstances necessarily arise during every shipment.

Distance To ' ‘ Exposure
Center of Cask Time
20 m 10 min
Gim 25 min
8m 10 min
20 m 10 min
50 m 2 hours
I0m 2 hours
im 10 min
Im 20 min
30 min

7 m

" 30 prem/min
0.3 mrem

100 urem/min
2 mrem

70 prem/min
0.7 mrem

30 prem/min
0.3 mrem

5 prem/min
0.6 mrem

50 prem/min
6 mrem

200 uprem/min
2 mrem

70 prem/min
1 mrem

90 prem/min
3 mrem

Should not be multiplied by the expected number of shipments to a

te total exposures to an individual; the same person
or would these maximum exposure cir=
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of about 1 mrem for the truck caravan scenario. This dose .éstimate
neglects shielding affordedfby passenger vehiq]es'and is believed to be
conservatively high. Furthermore, the probébi]ity of such an occurrence
(i.e., to remain within 10 -meters of the cask for 30 minutes) is low and is
very unlikely to be experienced by the same exposed individuals more than
once. — _ |

Traffic obstructions which result in stopping (or significant slowing)
of the transportation cask constitute the second class of exposures. The
occurrence of an obstruction for 30 minutes which results in a 5 meter
separation between the truck césk and.an exposed individual is recognized
as highly conservative and unlikely to be repeated for the same exposed
individuals. Thé dose rate of 100 microrem per minute at 5 meters from‘the
truck cask for a 30 minute exposure results in a maximum individual dose of
3 mrem. The maximum dose estimated for a rail cask involved in a traffic
obstruction event is 2 mrem. |

| Another c]ass of 1nd1v1dua1 exposures results from the trans1t of the
cask through areas where pedestrians and residents are Tocated within the
significant radiation field of the cask. Slow transit events assume
average cask transport speeds much less than 1 mph through these areas.
Maximum doses range downward from about 3 mrem for truck casks and 0 7 mrem
for rail casks, depending upon the spec1f1c scenario assumed.

The final class of individual exposure events during normal transport
operat%ons are those associated with the servicing (refueling, inspection,
maintenance, repair, etc.) of _the cask transporter. Doses :are about
6 mrem or less for various servicing activities, as shown in Tables 2-1 and
2-2. |

The individual radiation exposures given in Tables 2-1 and 2-2 are

projected maximum exposures that an individual could receive in the normal
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transport ofbspent fuel. Expoéures ihis large are unlikely to occur wifh
most shimpents. Therefore, they should not be multiplied by the number of
shipments to estimate accumulated doses that may arise from repetitive
shipments of spent fuel. It is expected thét more detailed analyses that
include additional effects not accounted for in these analyses will indi-

cate lower dose rates. Also, administrative action, such as route

‘planning, can reduce radiation exposures.
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3. POTENTIAL RADIATION EXPOSURES FROM A SPENT FUEL RAIL CASK ACCIDENT

3.1 BACKGROUND

It 1is. important to recognize that there has never .been a
transportation accident’ inVoIving spent fuel which has resulted in a
re1ea§e of radioactive material tb the environment (Ref 12). Furthermore,
no release. of radiocactive material has occurred from any package designed
as an accident-resistant package. This excellent safety fecord provides no
| historicé] data to fully confirm theoretical models and controlled field
and laboratory experiments, but the‘record does demonstrate that the proba-

bility for a cask failure and radicactive material release is very small.

3.2 ACCIDENT WITH NO RELEASE OF RADIOACTIVE. MATERIALS TO THE ENVIRONMENT

Spent fuel rail casks each containing up to 14 PWR spént fuel
assembliés could con;efvab1y be involved in a variety of rail related
'thansportation accidents. A well documeqted history of the nature, causes,
and consequences of all classes of railroad transportation accidents exists
and reasonable estimates are avai]ab1e>fok predicting accident frequency,
type, freight involved, and consequences. However, no accidents have
occurred to date involving spent fuel rail‘casks (Ref 12). For potential
future accidents involving rail casks, the most 1ikely outcome will be that
no radioactive material release from the cask will occur. This will be
true even if the accident involves derailment and overturn of the rail cask
car., Furthermore, even detachment of the spent fuel cask from the rail car

would, with high probability, result in no release of radioactive contents

from the cask.



If hone.of the radioactiﬁe contents_of the cask are ré]eased.to the
environment, Vthen the total radiation field around the cask can be
represented by the radiation isodose maps for both the near and far fields
given in Appendix A. (See specifically Figures A-3 and A-4, and Tables A-4
Ahd A-5.) . This is.essentia11y true even if internal damage to the fuel
assemblies and redistribution of crud within the cask results in rédio-.
active releases to the interior of the cask. The radiation eprsures to
emergency responders, accident victims, and observers can be éssessed at
any location from these isodose maps. Fbr example, someone standing on or
by the spent fuel rail cask would receive radiation exposdre at a rate of
about 400 microrem per minute, If the inpividu§1 speﬁt one hour fighting a
fire or performing a personnel rescue at that location by the cask then the
accumulated exposure after one hour would be about 24 miilirem. This is

comparable to exposure from a single medical x-ray procedure.

3.3 ACCIDENTS WITH RELEASE OF RADIOACTIVE MATERIALS TO THE ENVIRONMENT

"~ 3.3.1 Description of Release

The release of radioactive maieria]s'from spent fuel to the cavity of
a speﬁt fuel shipping caék and then to the environment, with subéequent
intérna] or external radiation exposure to humans, is a complex, improbable
process with many possible variations and consequences. The probability of
spent fuel transportation accident that results in the release of radio-
active materials into the environment are is estimated to be no greater
than 2 occurences in a million rail transport accidents (Ref 13). The
specific scenario set considered here constitutes selected, very severe,

but credible accidents involving a spent fuel rail cask which contains 14



PHR speht fuel assemblies, each five years out of the reactor. Although a
maximum of five ra11 cask cars might be coupled together in a single,
dedicated train, 1t was assumed that the credible potential for release of
radioactive material to environment exists for only a single rai] cask

- involved in the accident. The probability of release from two or more

spent fuel rail casks in the same accident is so small that such an event

~

is not considered here.

There are at least six physical mechanisms (Ref 13). which can
contribute to the release of radioactive méteria1s from spent reactor fuel
contained‘ in a cask. These mechanjsms, each of which have. distfnct,
quantifiable processes associaied with them, are 1) impact__rﬁptpre,
2) burst rupture, 3) diffusion, 4) 1leaching, 5) rapid oxidation, and
6) crud release. Diffusion, leaching, and heating (which produces rapid
oxidation) are important transport processes, however, only if rupture of
both the cask and fuel has occurred, pro&iding a pathway for movement of
radioactive materials from the fuel tblthe interior of the césk and then to
the envifonment. |

Impact ruthre of the spent fuej is the release of radioactive
material due to mechanical disruption and failure of the fuel cladding
followed by depressurization_of thé_fuel rod. Burét rupture of the spent
fuel is the release of radioactive material due to external heating which
produces internal pressures in the fuel sgfficient to deform and burst the
¢ladding and fuel rod.' Rapid oxidation can ehhance the reTease of radioac-

tive materials from the fuel, - After failure of the protective fuel

cladding, severe heating combined with air flow over the exposed .uranium

dioxide fuel (UO; is the standard fuel material used in PWR and BWR fuel

assemblies) may further oxidize the fuel, resulting in macroscopic cracking
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and eﬁhanced release of radioactive fission products.

Crud release is assoéiated with the Tliberation of certain
radionuclides, most 6f which are not fissfon products. 'These nuclides are
contained in materials which have deposited oﬁ the fuel assembly external
surfaces and cask interior from corrosion products and trace contaminant
deposition. In a rail cask accident these "crud" products could be
dis]odged and transported to the environment if the cask were breached,
even if the fuel cladding and assemb]ies maintained their integrity.

A large, catastroﬁhic failure and full breaching of the cask is not
considered credible and has never been observed (Réf 13). However, casks
which 'emp1oy valves fof access t6 the cask dinterior volume could be
breached by valve failure in credible accident scenarios despite protective
de;ign'measufes. Furthermcfe, 1eakagé past the cask closure seals of even
a §ha11 breach due to a fine stress crack in the cask wall ére also con-
sidered credib]e, although all experimental testé on casks have failed to
provide evidence of such cask failures.

The set of accident scenarios examined here for radiation dose
cénsequences is considered to include the worst credible scenarios for
radioactive material releases which'migh; occur from an air-cooled rail
cask. In this worst case scénario set, the rail cask and its spent fuel
assemb]ieé can suffer impact rupture,‘Or both impact and burst rupture, or
a combined impact and burst rupture accompanied by enhanced release due to
oxidation. These can result from sevére mechaniéa1 disruption and
intehse heéting from a fire fueled by petroleum or other highly
'f]ammab1e materials. Spent fuel assemblies which are five years or older
(i.e., have been out of the reactor core for five years or more) do not

produce sufficient self-heating from radioactive decay to support a rapid




oxidation process. Therefore a large external source of heat, similar to a
burning rail tank car of petroleum, is needed to create any substantial
enhancement of release above that from impact and burst rupture. | |

Table 3-1 provides a'tabulatfon of the major radioactfve nuclides and
their‘inventory 1n a rail cask conta1n1ng 14 PWR spent fuel assemblies,
each five' years old. On the basis of the pro;ected worst case rail
accidents for an air-coo1ed rail cask the cred1b1e releases of nuclides to
the environment and -the fraction of this env1r0nmenta1 release that is
respirable have been estimated by Wilmot (Ref 13).- These releases are
. tabulated for each accident class, viz., impaét rupture, burst with impéct
rupture and, finally, oxidation with impact and burst rupture.

Table 3-2 shows the dose convers1on factors used to convert nucllde-
specific intakes or vnuc1ide concentrations to dose commitments from
jnhalation, ingestion, and direct gamma radiation exposures from ground
deposition and airborne radioactivity. The dose conversion factors for
jnhalation and ingestion are for 50 year dose commitments. They are for
whole-body 'equiva1ent doses based on cancer risk weighfings given in
1CRP-26 (Ref 14).

Although numerous radioactive nuc11des are found in typical spent
fuel, the 8 nuclides listed in Tables 3-1 and 3-2 have been found to have
the greatest human health consequences if they are inhaled, ingested or

deposited on the ground (Ref 13).




TABLE 3-1

ENVIRONMENTAL RELEASES AND RESPIRABLE FRACTIONS OF NUCLIDES
IN SPENT FUEL RAIL ACCIDENT ‘

Environmental Release (Ci)** Respirab]é Fraction**
Cask Impaci Impact, ' Impéct Imhact,

. Inventory* and Burst and and Burst and
Nuclide (Ci) Impact Burst Oxidation Impact Burst Oxidation
Co-60 645 8.06 8.06 8.06 0.05 0.05 0.05
(as crud) S , ‘ .
Kr-85 42,700 512 4,360 4,780 - 1,00 1.00 1.00
Sr-90 B 417,000 0.0042 0.379 | 0.379 - 0.05 0.05 0.05
Ru-106 114,000 0.0011 0,104 4,67 0.05 0.05 0.05
I-129 7 0.213 0 0 0.001 0.05 1.00 - 0.12
Cs-134 ' 192,000. 0.0019 4.6 326 - 0,05 1.00 0.15
Cs-137 613,000  0.0061 110 1,040 0.05 1.00 0.15
Pu-239 i 2,870 0.0 0.0026 0.0026 0.05 0.65 0.05
Totals (Ci) 1.38x106 520 4513 6159 512 4505 4990

Based upon a cask inventory of 14 PWR spent fuel assemblies, each 5 years out of

the reactor.
** Source: Reference 13.



TABLE 3-2

DOSE CONVERSION FACTORS FOR DETERMINING EXPOSURES
FOR SPENT FUEL RAIL ACCIDENTS

Ground Gamme 1
m a(_) Cloud Gammas(d)

Jlgestion (o) plmnslation (mPosg agies T Pheemiyr

Nuclide (mrem/pCi) (mrem/pCi) _557752f . ——EE?7E§—
Co-60 2.50E-05(8)  3.50E-04 2.90E-8 1.45E-02
Kr-85 0 o . 2.89%-11 1.23E-05

Sr-90 1.30E-04 2.20E-03 © 8.53E-09 - 5.55E-10
1-129 2.70E-04 1.60E-04 2.93E-10 4.85E-05
Cs-137 4.60E-05 2.90E-05 7.38E-9 3.25E-03
Pu-239 4.30E-04 5.70-01 - © 4.11E-12  4.256-07
Ru-106 2.106-05  8.10E-04 2.57E-9 '1.13E-03
Cs-134 6.70E-05 4.10E-05 1.91E-8 8.47€-03

a source: Reference 15. .
b These factors represent maximum effective 50-year committed doses for

inhaled nuclides with particle activity median aerodynamic diameters (AMAD)
of 0.3 micrometers. The respiratory clearance class of the nuclide is Y
class. Data source is Reference 15. . ‘ )

¢ The factors represent whole-body dose rates for exposure 1 meter above a
contaminated ground surface. Source: Reference 16.

d These factors represent whole-body dose rates for exposure to an airborne
cloud of radioactivity. Source is Reference 16.

e 2.50E-05 = 2.50x1073.

3-7




3.3.2 PATHRAE-T Computer Code

The PATHRAE-T computer.codé (Ref 11) was used to provide estiﬁates of
the magnitude of radiation doses which could occur if nuclides from spent
fuel were released to the environment during a rail cask accident. The
PATHRAE-T code can be used}to‘calcu1ate whole body ddse equivalents to
individuals or popu\étion groups under diverse hydrogeologic, climatic, and
demographic settings.

An effluent released at a point into the atmosphere moves in a complex
manner controlled by numerous atmospheric transport processes. However,
the generalized motion of airborne gases and particulates from a cask
release is best described as a turbulent diffusion procesé-characterized by
the cumulative effects of turbulent eddies in fhg atmosphere and gravity.
The PATHRAE-T code uses the Gaussian puff atmospheric dispersion model
(Ref 17).‘ Time integration of the puff at a fixed location yields an
- expression similar to the Gaussian plume model for continuous releases.
The code uses both the centerline concentration and area11y averaged
concentrations, as appropriate, for the analyses. The puff model employs
the following mathematical description (Réf 17) for the ground level

nuclide concentration (x,y,t) at any ,downwind “position x,y from the

source: , .
x(x,f,t) = 20 . exp[—l‘ ’h_z_q- y2_ . (x - ut)2 2%]
(2,.-)3/26yzaz 2 )o,2 ;;7 °'_y2

where

t = time after puff release (s)

x = horizontal distance from the source, downwind

y = horizontal distance from the source, crosswind

X(x,y,t) = concentration at x, y and t (Ci/m3)



Q = total release to atmosphere (Ci)

u = wind velocity in the x direction (m/s)

h = effective release height above the ground (m)
oy = horizontal dispersfon coefficient, a function of X (m)
o, = vertical dispersion coefficient, a function of x (m)

Particulate deposition is calculated by the standard puff depletion
method in whiéh Q in the above equation 1is rep]acgd by a smaller Q'
(Ref 17). Use of the Briggs expression for o; allows an analytic solution
to the puff depletion equation for the ratio of Q'/Q. This expression is
contained in Referen;e 11. PATHRAE-T also contains the flexibility of using
two different deposition velocities if desired. The deposition velocity
used for over-land scenarios corresponds to an equilibrium deposition which
includes the effects of resuspensfcn. For over-water scenarids a different
deposition velocity may be used because there.is ﬁo resuspension. Grouﬁd
concentrations from atmospheric deposition are calculated .by the time
integratidn of the product of the air cﬁncentration at ground level and the
deposition velocity. The entire nuclide re1gase ijs assumed to occur in a
time short compared to the residence time of the exposed individuals.

The PATHRAE-I' methodology can model numerous recognized pathways

through which humans can be exposed to radiation. These pathways include

atmospheric transport, surface (wind or water) erosion and groundwater
transport. Other pathways and transport asso;iated with activities such as
living and growing edible vegetation on the contaminated site and using
contaminated water for irrigation or drinking can also be modeled.

For each of the pathways which have been included in PATHRAE-T, the
dose from each nuclide is calculated as a function of time. These

jndividual doses are then summed to give the total dose for a given
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pathway. The dose rates to the population and selected individuals from
all pathways is‘then combuted. |

“The radiation doses described in Section 3.3.3 énd 3.3.4 from rail
cask accident»are'assumed~to result from the following radiation exposure
pathways: .

1. Inhalation of gaseous and airborne éarticu]ate nuciides.from~
the release plume.

2. Direct gamma ray exposure from nuclides in the‘atmosphere
(i.e., plume gamma exposure). ' - .

3, Direct gamma ray exposure from nuclides deposited on the
ground by the atmosphere (i.e., ground gamma exposure).

4, Inhalation of airborne particulate nuclides resuspended in
 the atmosphere from disturbed ground dust (i.e., dust
exposure). ' '

5. Human ingestion of water contaminated with nuclides
- deposited on surface water and soil.

Radiation exposures arising from the consumption of food grown on
contaminated land were found to be neg1fgib1e compared to the above

éxposure pathways and were not considered further.

3.3.3 Projected Individual and Population Exposures From Atmospheric and
Ground Pathways

Thevvery severe, credible spent fuel rail‘accident was evaluated fof
various geographic settings and population densities. Although the
geographic and population characteristics did not affect individual doses,
the characteristics do strongly influence population radiation doses and
latent health effect estimates. Population densities for areas assumed
to be contaminated by rail cask'accidents were\typical'of U.S. urban and

'rura1 areas. The urban area population density was assumed to be 3,860

T
%f

Y
persons/kmé, equivalent to 10,000 people per square mile. The rural areacfp

.fb’

. 4
w
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population ‘density was assumed to be 6 per‘sons/km2 or 15.5 peop‘le per
square mile. The average popu‘latwn density for the contmental Umted
States is about 24 persons/kmz. P0pu1ation doses were calculated for the
population within 80 km of the release point. |

Neutral stability conditions {(viz., Type-D Pasquill stab1hty) were
used to represent plume dispersion. The estimated exposures and hea]th
effeets are based on the pfesence of the maximally exposed individual
directly downmnd from the release point during the enfire nuclide release
period and continuous residency by the population for 50 years after the
accfdent. The maJomty of the individual exposure comes from 1nha'l-a1:1onf
- during the time 'm which the entire nuchde release is assumed to occur.
The individua1 exposure 1is based on the conservatwe assumptwn that no
proitective action 1s taken by the 1nd1v1dua1 to reduce exposure (e.g.,
movement away from the nuclide path or use of a breathing apparatus, etc.).

Tables 3-3 and 3-4 indicate the estimated radiation doses for
maximally exposed jndividuals and the general popu1at1’on received by
persons located generally downwind of the accident. The location for the
maximum individual exposure occurs at a position about 70 meters directly
, downwmd from the point of release in the cask.

From Table 3-3 it is observed that about 90 percent or more of the
rad1at1on dose to the max1ma1'|y exposed jndividual is, for ail three
" classes of release, assoc1ated with inhalation of ‘radionuclides in ‘the
atmosphere. Ground and plume gamma exposures are smaller and similar to
each other in value, while dust inhalation accounts for a very small
fraction of the total dose to the individual. The highest release (impact,
" burst, and oxidation) results ina maximum individua] dose of about

10.2 rem. - This dose is considered to have no consequence other than a
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TABLE 3-3

MAXIMUM INDIVIDUAL RADIATION DOSE ESTIMATES FOR
) RAIL CASK ACCIDENTS '

L4

Accident C]asé Dose (mrem)*
| _ Plume Ground ' Dust
Inhalation Gamma Gamma Inhalation
Impact : 179 "10.7 12.3 . 0.0001
Impact and - o ‘ ,
Burst . 6130 71.1_ 90,9 - 0.004

Impact, Burst . '
and Oxidation 8950 547 707 0.0006

* Maximum individual dose occurs about 70 m downwind of the release point '
and assumes that the individual remains at this location for the
duration of the passage of the plume of nuclides that are released.
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50-YEAR POPULATION DOSE
NO C

Accident Class

Impact

Dose (person-rem)
Latent Health
Effects**

Impact and Burst

Dose {person-rem)
Latent Health
Effects**

Impact, Burst and Oxjdation

Dose (person=-rem)
Latent Health
Effects**

The ground gamma dose is what wou
50 years. The inhalation dose is a 50-yea
the population within 80 km of the release point,

TABLE 3-4

Urban Area (3860 peoplelkmz)

ESTIMATES FOR SPENT FUEL RAIL CASK ACCIDENTS®
LEANUP OF DEPOSITED NUCLIDES

Rural Area (6 people/km?}

Plume Ground plume  Ground
"Inhalation Gamma ~ Gamma Total Inhalation Gamma Gamma Total
3.09 - 0.33 936 - 939 0.005 0,0005 1.45 1.45
0.19 0.00029
106 2.23 13,400 13,500 0.16 0.0034- 20.8 21
- 2.7 0.0042
154 17.2 112,000 112,000 0.24 0.027 174 174
‘ 22 ' 0.035

and that no other measures are used to reduce radiation exposures.

** Based on 1 person-rem =

1d be recieved if each member of the population stayed at the same Yocation for
r dose committment from inhalation of the passing piume, Doses are for
1t is assumed that there is

no cleanup of deposited nuclides

2x10-% latent health effects., A latent health effect here {s defined as an carly cancer

death by an exposed person or a serious genetic health problem in the two generations after those exposed. About
half of the latent health effects are expected to be cancers and the rest genetic health problems.




possible small incfease in thé probability of incurrihg cancer in later
years (Table 6.6a of REF 18)f |

| Table 3-4 shows that nuclides deposited on the ground accodnt for 99
percent or more of the population dose; while inhalation and plume
exposureé are incurred only during the passage of the airborne huc]idés,
exposures from ground deposition cbntindes fof the entire 50-year period of
,residénce assumed in the ana1ysis. Exposufe from dust rgsuspension is Tow
because it was assumed that the nuclides migrate a few éentimeters inio the
ground in the first year after the,éccident and are absent from airborne
dust thereafter. The population dqses from ground exposure shown in Table
3-4 would also be Eeduced by natural weathering and dispersal of nﬁc]ides
in the soil, which. are .conservatively idgnored 1in this analysis.
Futhermore, cleanup or other dose limifing actions that were conservatively
neglected in this analysis would undoubtedly be performed.

For the urban population density a worst case rail cask accident with
-impact and burst rupture enhanced by oxidation could result in about .22
latent Hea]th_ effects if the nuclides deposited on the ground are. nof
cleaned up or othef.neasures to reduce radiation exposure are not imple- |
mented. For the rural population density, the same accident could result:
in about 0.035!1atenf health effects. |

These health effects may be put in perspective by considering cancer
fatalities in the same population from all other sources over 50 years.
The bopu]ation§ within the 80 km radius for which population doses were
calculated are 4,800,000 persons for the urban population density and 7,500
persons for the rural density. Using a cancer rate of 0.00194 fatal.
cancers per person per year from all other sources (Ref 19}, the urban and

rural populations represented in Table 3-4 would experience about 470,000
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and 730 cancer fatalities, respéctive1y, from all other causes in the.same
time period. Clearly, the severe but credible rail cask accident dées not
contribute significantly to the number of cancer fatalities in the region.

The value of cleaning up thé deposited radjonuclides as a means of
reducing population dosé was investigéted. Section 3.4 discusses cost of
cleanup as a function of the cleanup crfterion. The cleanup criterion is
the maximum permissib1e ground surface,concentration (in micfocdries per
sqhare meter) after cleanup is comp]éte. |

For a cleanup criterion of 0.5 uCi/m2* the PATHRAE-T code calculates
that an area of about 45 kml wod]d have to bg.cleaned up after the impact,
bﬁrst and oxidation a;cident, If this area is treated within a short time
afier the accident to remove contamination down to the 0.5 uCi/m2 level,
the number 6f latent health effects predicted is reduced from 22 to about
17, If 1 uCi/m2 or 0.2 uCi/m? are used as cleanup criteria, the cleanup
~areas are.22 km and 110 km2, respéctive]y, but the number of latent health
effgcts is essentially unchanged. The fact tﬁat'there is no significant
difference in latent health effects with the three cleanup levels is a
‘consequence of the fact that most of the radionuclides are deposited on the

ground at concentrations less than the smallest.criterion of 0.2 uCi/m3.

3.3.4 Projected Population Exposures from the Water Pathway For Severe But
Credible Rail Cask Accident

The three classes of accidents (i.e., impact, impact and burst, and

impact, burst and oxidation) were considered in an appropriate setting to

* A ground surface concentration of 0.5 uCi/m2 of the nuclides released
from an impact, burst, and oxidation accident results in an annual
exposure of 25 mrem to individuals in the first year after cleanup,
This exposure rate declines in subsequent years due to radioactive
decay. :
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maximizé the watér pathway exposuré that would result from a raf] cask
accident. -The release puff or plume was assumed to be transported over a
- large reservoir that is wider than the transverse extent of the puff or
p1ume. The reservoir was aﬁsumeq to have a surface area of 400,000_m2
(about 100 acres) and to contain about 3.8 million cubic meters (about one
"bi11ion ga]]oﬁs) of water. The plume or puff from the.reiease passes over
the reservoir as it traveis from 100 meters to. about 1400 meters downwind
of the release po%nt.

The nuclides deposited on the water surface were assumed to become
thoroughly mixed and remain suspended within the reservoir water, The con-
taminated water was assumed to be used-solely for domestic purposes by the
surrounding population. If intensive use for irrigation is also assumed
the effect'wou1d be to increase’pppuTation'doses by a factor of less than
2. No reduction in the radidactive nuclide inventory deposited on the
‘water body surface was assumed due to radioactive decay or water tréatment.
The conservative assumpfion was also made "that one percent of the
contaminated water was ultimately iﬁgested by humans through drinking
Qater. The 1980 U.S. average consumptive use of water repdrteq by the
U.S. Water Resources Council was 163 gallons per person per day. About
0.16 percent of this cohsumption (i.e., }.0 iiters or 1.1 quarts per person
per day) was associated with human ingestion.

Table 3-5 provides estimates of the population doses_that would be
received from a worst case spent fuel rail cask accident upwind from a
reservoir. The accident class (impacf, burst and oxidation) that releases
the largest amount of radionuclides results in a maximum of about 13
latent health effects (LHE's). The impact and burst class accident results

in about 1.4 LHE's and about 0.036 LHE's result from an impact accident.
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TABLE 3-5

POPULATION RADIATION EXPOSURE FROM
WATER INGESTION FOR SEVERE BUT CREDIBLE SPENT FUEL
: RAIL CASK ACCIDENTS

.  Total Release ' Population Dose
Accident Class- from Rail Cask (Ci)* Effects from Water Ingestion
Impact - 8.07 182 person-rem

0.036 LHE™®

Impact and Burst 153 : 6870 person-rem
| 1.4 LHE™
Impact, Burst 1379 B 63,000 persoﬁ-rem

~ and Oxidation

12.6 LHE™™

* The noble gas Kr-85 is omitted because of its negligible uptake by a

surface water body.
** Latent health effect (LHE) estimates are based upon 1 person-rem =

2x10™4 LHE.
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It is impOrtant to réca11 the consérvative assumptions made in
arriving at these est1mates for the maximum consequences of severe but
credible ra11 accidents that result in s1gn1f1cant water contam1nat1on.
The probability of a rail cask accident with radionuclide release is no
greater than 2 occurences per -millcon rail transport accidents.
Futhermore, the probability that such an accident would occur near a major
reservoir and that‘Prevailing weather conditions would combine to result in
significant reservoir water contamination is extremely small. In the very
unlikely event that a water reservoir were actually contaminated by a spent
' fuéi accident release ft is reasonable to assume that norm$1 water
treatment processes, combined with monitoring and emergency actions, would

significantly reduce doses receivéd by the affected population to levels
“well below those predicted by this maximum consequence analysis.

It is also helpful ﬁd put the impacts in Table 3-5 fntq perspective.
Assuming an annual water ingestion of 400 quarts per year by each person,
for the water consumption assumed in the calculations (ome percent of one
billion gallons), this water quantity would service about 37 million
people. In a single year, using the same cancer risk factor as used in
section 3.3 (Ref 19), those peoﬁ]e would experience about 72,000 cancer
fatalities from other causes. Agéin, even using very conservative
ca1;u1ations of accident effects, the ‘worst case rail césk accident that

could contaminate a water supply does not pose a significant health impact.

3.4 CLEANUP TIME AND COST ESTIMATES FOR SPENT FUEL RAIL CASK ACCIDENTS

The risk of injuries and fatalities resulting from releases of

radioactive material as a consequence of a severe but credible rail cask
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accident can be reduced tf a cleanup of the more.high1y contaminated areas
is carried out. However, the total economic costs assoc1ated with cleanup
and reclamation for a substant1a1 rad1onuc11de release- could be very high
and the net reduction in associated health effects relatively low (see
Section 3.3). |

Detailed estimates of the costs incurred for cleanup and recovery from
a shipping cask accident in a highly developed urban environment have
previously been made in several studies (Refs 20 and 21). Total cost
estimates of ebout 2 billion dollars have been projected following the
" atmospheric release of about a 1000 curies in a city. The bulk of these
~costs are attributed to the denial of public access to contaminated areas
while cleanup occurs, ‘ |
| The economic costs for'c1eanup and recovery will be strongly dependent
en the amount and type of radioactive(materia1 released, the particular
setting (rural, urban, p1ain,‘mountainous, sea shore, etc.) and the level
~of cleanup (i.e., the mfﬁimum residda1-aétiyity level that is permitted to
remain after c1e;nup).

In this analysis the cost and mahpower estimates for cleanup and
recoVery from worst case rail cask accidents are for a contaminated rural
setting. fhe three classes of rail cask accidents described previously
were considered. »

Table 3-6 prdvides the ground:areas calculated by the PATHRAE-T code
as being contaminated after a spent fuel rail cask-accident. 'The areas are
shown for contamination above various levels of surface activity. For
example, a level of 10 uCi/mZ.for the 1380 curie release from an impact,
. burst and oxidation class accident is associated with a conteminated area
of 2.16 kmz, The characteristics fork other contamination levels and

accident classes are similarly defined.
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TABLE 3-6
CONTAMiNATED AREAS FROM SPENT FUEL RAIL CASK ACCIDENTS

, Level of _
‘ _ - Radiation Contamination Contaminated
Accident Class Release (Ci)*  (uCi/mé) Area (km?)
Impact : ' 8.1 ' 10 0.013
5 0.025
1 ( 250 mrem/yr) 0.13
0.5 0.26
0.2 0.67.
Impact and Burst 153 10 - 0.24
' 5 ( 500 mrem/yr) 0.48
1 2.4
0.5 4.9
0.2 13
Impact, Burst and 1380 10 - 2.2
Oxidation - 5 ( 500 mrem/yr) 4.3
1 - 22
0.5 45
0.2 110

¥ Activity for Kkr-85 (and all other radioactive noble gases) is omitted.
A1l other nuclides are eventually assumed to be deposited in the soil.




The various levels of soil contamination listed in Table 3-6 canbe
related approximately to average annual radiation exposure that wou]d be
incurred by_individua1s living in the contaminated Area immediate]y after
cleanup. The three principal nuclides that account for over 99.5 percent
of the activity deposited on the ground are 60-60, Cs-134 and Cs=-137.
Healy (Ref 22) estimates that a uniform soil activity of 80 pCi/g of Cs-137
or Cs-134 will result in a total annual individual dose from all pathways
combined (inhalation, ingestion, and external radiation) of about 500 mrem
per year-to an individual living on the contaminated site and consuming
food from a home garden. A soil activity of 80 pCi/g (Cs-134 or Cs-137) is
conservatively associated wi;h a surface contamination of about 5 pCi/me..

-For Co-60, thch is the dominant nuclide for the impact class spent

fuel accident, a soil activity of about 20 pCi/fg, or 2 uCi/md is

associated with the equivalent 500 mrem per year dose to an individual
‘1iving on the contaminated site. In view of Federal polfcy (both EPA and
NRC) to minimize doses to both individuals and population groups, it is
difficu1t to predict the actual cleanup levels that would be required. The
EPA (Ref 23)Vhas recommended a cieanup Jevel of 0.2 uCi/m? for transurahic
elements in the general environment. _

Usihg the data from Table 3-6 it was possible to project a set of cost
and time requirements for different cleahup levels in a rﬁra1 setting.
Knowing the ground area of contamination and assuming aﬁ-acceptable depth
of soil removal, the volume of coﬁtaminated soil was estimated.

Rough estimates of cleanup costs and recovery time requirements are
given in Table 3-7, for cleanup to a level that 1imits individual dose
rates from radionqclides to 500 mrem/yr. For a given rail cask accident

class, the volume of contaminated soil that was removed was estimated by
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TABLE 3-7

CLEANUP COSTS AND RECOVERY TIME ESTIMATES
FOR RURAL SPENT FUEL RAIL CASK ACCIDENTS*

Total Cost
Range ($) Cleanup and
' Contaminated Recovery Time
Accident Class Land Area (m§1, Low High (Calendar Days)
I - Impact - 6.3E+4  2.0E+5  9.5E+6 25
11 - Impact and Burst ' 4.8E+5 1.4E+6 7.0E+7 68
I1I - Impact, Burst and 4.3E+5 1.3E+7 6.2E+8 460

Oxidation

* CTeanup 1s to a level that reduces individual dose rates from deposited
' radionuclides down to a maximum value of 500 mrem/yr.
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assuming a 10 cm excavation depth. Costs per cubic meter of soil removed .
were then assessed for the four categories: }

° Monitoring, excavating, loading and packaging. These costs

vary with terrain, equipment accessibility and packaging
(if necessary) requirements. '

. Transportation costs to the nearest acceptable disposal

site. These costs vary with travel distance and
transportation routes.

° Dispdsa] costs. This varies with the disposal site selected

and necessary site preparations to accomodate the given
waste form.

e  Site restoration costs. This includes costs for fill

~ material, hauling, spreading, and seeding. Also, erosion
protection and replacement of existing improvements and
utilities may be required. ‘

Estimates for cleanup and restoration costs range from $10/m3 for
simple monitoring, excavation and Toading of contaminated soil in open
trucks to $430/m3 for extensive monitoring, packaging the contaminated soil
in sealed drums and loading the drums in trucks. Similar ranges of
extremes exist for transportation ($15/m3 to  $530/m3) .and disposal
(s5/m3 to $510/m3) costs depending upon the specific cleanup scenario
projected. The low cost estimates are based on costs projected for cleanup
of the Vitro uranium mill tailings in Salt Lake City, Utah (Ref 24). The
Yitro cleanup represents rail transportation over about 100 miles. The
high cost estimates are based on transportation'and wéste preparation cost
estimates for low-level radioactive wastes from Reference 25 and disposal
costs for the Barnwell, South Carolina Jow-level waste facility (Ref 26).

For the latter, a highway transportation distance of about 400 miles was

assumed. A1l cost estimates are adjusted to 1985 dollars.
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Estimated cleanup and recovery times in calendar days are also
provided for each scenario shbwn in Table 3-7. These time estimates assume
about 4 to 7 calendar days for_emergency responée, radiation mqnitoring,
and evé]uation of the contaminated area. The remaining time is devoted to
~actual cleanup and removal .of contaminated materials. fhe mathematical
relationship assumed for the cleanup and recovery time is‘approximate1y
linearly dependent upoh tﬁe contaminated land 'area, with a correction

applied for economy of scale for large areas.
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4, CONCLUSIONS

From the information presented in this report several conclusions can
be drawn regarding radiation exposures from normal transportation of

high-level radiocactive waste and spent nuclear fuel. They include:

] Situations that could potentially result in exposure of
members of -the general public on an infrequent basis, such
as trucks caught in traffic or truck tire repair, produce
doses on the order of 5 mrem or less. Considering the fact
that the recipients of these doses are not likely to be in a
similar situation more than once and that the Tikelihood of
these events is low, this dose is insignificant. Specific
likelihoods of these events will be site-specific and

~ route-specific. '

® Activities that are likely to be performed repeatedly during
the period waste is being shipped, such as truck refueling,
driver overnight stops, vehicle inspection enroute, etc.,
produce doses per event, that range downward from a few
mrem. While a person repeatedly carrying out these
activities could receiver a significant annual dose,
procedures for performing these operations can be changed to
1imit the total annual dose to any one individual.

. Situations that may occur repeatedly, such as the slowing or
stopping of a waste transportation vehicle near an occupied
building, can produce doses’ approaching the order of one
mrem per truck or rail car. While there can be hundreds or
thousands of spent fuel transport movements in a year, they
will not necessarily pass the same geographic point.
Concentration of the movements to one or two routes will
only take place close to the repository.

A number of conclusions can be drawn from the information in this
report regarding radiation exposures and health effects from the worst case
accidents analyzed. They include: '

¢ A person responding to the emergency caused by the severe

but credible rail car accident--a severe impact followed by
a massive fire fed by large quantities of fuel--could

receive a dose of up to 10 rem in a few hours if no
protective equipment is worn and no attempt is made to avoid
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inhalation of radionuclides in the atmosphere. This dose is
not unreasonable, considering the circumstances and small
probability of occurence.

For the highest population assumed to be exposed from a
severe but credible rail accident-~severe impact and massive
fire--up to 22 latent health effects* might be expected over
the succeeding 50 years, However, this compares to 470,000
cancer fatalities that the same population would experience
over 50 years from all causes.

For a severe but credible rail car accident involving a
water pathway--severe impact followed by fire, alongside a
reservoir--up to 13 latent health effects could result among
. the general population. This figure assumes no measure,
either ordinary or remedial in nature, removes radionuclides
from the accident from the water consumed by the population.
Also, the population that might experience 13 latent health
effects due to the accident would experience about 72,000
cancer deaths per year from all causes.

While cleanup of contaminated soil near the ra11 accident
.studied could reduce the 50-year exposures and health
effects to the surrounding popu]ace, over the range of
1ikely cleanup levels the reduction is not dramatic (from 24
to 17 latent cancer fatalities) and is highly insensitive to
the cleanup level used.

% Of the Jatent health effects,

generation and about half wou1d be serious genetic hea]th problems to
the two succeeding generations.
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APPENDIX A
RADIATION FIELDS AROUND SPENT FUEL CASKS IN NORMAL TRANSPORTATION

This appendix provides the detai]ed'isodose.maps andAdose rate tables
generated by the computer code PATHRAE-T for both truck and rail casks.
The near ‘fie1d maps and tables, which cover the distance from 0 to
15 meters, provide dose rate values at 0.2 meter (radially) and 0.1 meter
(axially) intervals for the truck cask (see Figure A-1 and Table A-2) and
the rail cask (see Figure A-3 and Table A-4). The far field maps and
tables,:which cover distances out to 150 meters from the cask, provide dose
rate values at 2 meter (radially) and 1 meter (axially) intervals for the
- truck cask (see Figure A-2 and Table A-3) and the rail cask (see Figure A-4
and Table A;S); h

Since the horizontal radiation‘fie1d around the cask is assumed to be
symmetric, only a single quadrant is shownl in the figures ‘and tables.
Horizontal data entries moving from left to right represent dose rates as
functions- of increasing distance parallel to the axis of the cask.
Vertical data entries moving from.top to bottom represent dose rates as
functions of increasing radial distancévpérpendicular to the axis of thé
cask. The orientation of the cask and truck and rail tranéporters is the
§ame as that shown in Figures 2-2 and 2-3 in Chapter 2 of this report.

A legend at the bottom of eacﬁ figure provides a key to the letter and
number symbols used to represent the dose rate at a given position. For
example, in Figure A-1, the region surrounding the truck cask ‘which
contains the number "8" represents that area around the cask for which the
dose rate lies within the range of 200 to 250 microrem per minute.

Observe that the letter "A" represents the 160 to 170 microrem per minute




 dose rate. _This corresponds to about 10 mrem per hour which is the DOT
requiremeﬁt imposéd at the 2 meter‘boundary_from tﬁe pérsonne1 barrier-of
the cask. |

Table A-1 provides the data used for generating the dose maps and

tables given in this appendix.
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TABLE A-1

DATA SET FOR RADIATION DOSE CALCULATIONS

FOR SPENT FUEL TRUCK AND RAIL CASKS

Parameter

effective line source length (m)

effective line source strength for
gamma radiation (urem - m/min)

minimum radius to 10 mrem/hr boundafy

(m) | -

effective air attenuation
coefficient (1/m)

effective ground attenuation
coefficient (1/m)

effective height of line source (m)

effective height of dose measurement

point (m)

fraction of limit dose rate
(10 mrem/hr) at regulatory
boundary due to gamma radiation

fraction of 1imit dose rate
(10 mrem/hr) at regulatory
boundary due to neutrons

Truck Cask

4.50
5168

3.5

0.00924

12.4

- 2.00

-1.00

0.65

0.35

Rail Cask

4.50
6867

3.6
' 0.00924
12.4
z}oo
1.00

0.50

0.50
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TABLE A-2
NEAR FIELD RADIATION DOSE RATE TABLE
FOR SPENT FUEL TRUCK CASK
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TION WITHIN THE CASK INTERIOR

A-5

TABLE VALUES OF -1.00 INDICATE A LOCA
WHERE DOSE RATES ARE NOT .EVALUATED

-
.

NOTE
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FAR FIELD RADIATION‘ISOD‘OSE_RATE TABLE
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0.82 0.62 .8 .80 78 0.76 0.74 0.7 0.69 0.67 0.64 0.61 0.59 .56 0.54 0.5 .
0.81 ¢.81 %) 0.79 N7 0.75 0.7 0.7l 0.68 0.66 0.63 0.60 0.58 0.55 0.5 0.51

NOTE: TABLE VALUES OF -1.00 INDICATE A LOCATION WITHIN THE CASK INTERIOR
WHERE DOSE RATES ARE NOT EVALUATED

A-6. .



TABLE A-4

NEAR FIELD RADIATION DOSE RATE TABLE
FOR SPENT FUEL RAIL CASK

’Iﬁt. [] 2 4 (3N 8 1o i 12 i
[ + + ¢ + + + + + + + + + + +
0 -1.00 ~1.00 -1.00 -1.00 -1.00 49.95  108.35 94.09 68.19 36.98 48.65 42.26 37.20 33.09 29.73 26.%
-1.00 <1.00 -1.00 -1.00 -1.00 49.59 108,20 4. . 3.9 48.64 42.25 .19 33.09 29.77 %.9%
-1.00 -1.00 -1.00 -1.00 ~1.00 46.38  107.78 83.81 68. 56.87 # 48.5 42.21 W4 .07 2.7 2.89
] L0 -1.00 =100 -l.00 ~1.00 .97 102,12 47 2 62.8) $6.75 48.51 4.15 37.12 0 29.68 26.87
-1.00 ~1.00 -1.00 -1.00 ~1.00 44.81 106,21 . §7. 36.58 48.40 2.0 37.06 .00 29.65 26.85
¢ -l.00 ~1.00 -1.00 -1.00 <1.00 42.18 105,08 82.43 62,23 56.37 .25 41.97 3.9 32.95 29.61 36.82
i -i.00 =1.00 -1.00 -1.00 ~1.00 . Nl . . s6.11 48,08 11.85 36.% .88 29.5 26.78
-1.00 -1.00 -1.0 -1.00 -1.0 35.85  102.24 80.93 66,35 35.81 47.68 4171 36.80 32.80 9.8 26.73
-1.00 ~1.00 -1.00 -1.00 =1.00 . .58 . B 3.4 47,64 41.55 36.68 22.71 ;gg ﬁig
B3 WL 120 251.10 76.18 28.60 29 79.0% £5.2 £3.09 .39 36 36.54 2.61 . .
3 UL WS 2994 % 67.60 24.82 o 78.00 8.3 $4.67 47.10 4l.i6 36.40 2.5 .27 26.55
207,91 20.89 8.2 22.79 39.45 21.01 .9 76.88 63.9% #.2 80 40.94 36.2¢ 32.38 - 29.18 36,48
Ry 0.8 Wy 97. 91.76 17.2) 92.91 . 63.17 32.75 %0 40.21 3%6.06 2.5 29.07 2%.40
H1.6% 5.6 .0 221,71 - 183.73 A I R 9,85 74.48 62.40 .24 12 40.46 35.88 3.1 8.9 26.31
329.83 %335.76 20379  171.66 . 09.79  88.77 n. 61.6 §2.7l 43.74 0.19 35.68 3.% g.as 6.32
11.08 g3 188,43 160,93 3. 06.21 86,68 71.% 60.7 2.13 4.3 39.91 3.4 .80 72 26.12
95.03 .23 125.02  15L. 3.5, 102.24 84,60 70.66 39.9: $1.87 44.95 3. - 38,25 1.6 28.5% .02
2}.02 76.;% 163.48° 1077 19.94 3% 82.54 69.35 $9.0 30.98 44.52 39.30 3k5.02 31.45 846 25.91
.71 b4, 153,07 - 135,04 1.7 96,07 L8l .03 98.1 $0.37 09 38.98 .28 3.2 28.31 5.9
97.83 H.37 . 14383 128.03 09.9%¢ .46 Nl §7.2¢ 49.24 43.64 38.65 353 3i.08 28.16 235.67
4+ 148,14 4.% 1X.8 1. 05,39 83.87 76.46 .38 56.3 .11 N )| .2 30.88 8.01 2.5
39.3% 3%.51  128.233  115.7 . . 4.9 #4.05 35.48 48.8 . 7.9 4. 30.67 37.84 25.42
.47 28.91 121.87 11027 . 8.0 72.9 62.73 $4.55 47,81 . 37.61 33.73 30.46 27.68 3.9
r{ N 2.8 115.43  15.28 4?7 81.5% N.73 61.43 53.6 47.14 41.75 7.4 33.45 3.5 27.51 23.18
17.93 15.89  109.83 100,68 $9.92 79.03  68.92 £0.14 $2.7 46.47 4.25 36.87 3.7 30.02 37.33 6.0
12 10.16 104,66 %.44 86.60 %.8 6.1 51.% 43.80 A9 32.68 BH .00 34.86
06.60 04.87 9.92 2.91 81.47 .22 65.48 57.65 50.88 4.3 40.25 %.11 2.8 23.5 6.9 U7l
01.59 ®.03 93.5% 88.73 80.54 .97 6.8 $6.43 43.9 44,46 BN .72 .23 2.3 36.78 2.5
97.00 9.99 $1.55 77.78 69.82 62.19 5. 4900 .79 39.22 35.32 A.9 29.08 26.58 .40
92.78 91.% 8.7% 81.02 75.18 . 62 3407 8.2 41.12 . 4.93 31.66 28.84 6.3 W
88.88 87.67 84.21 28, n. .81 53.11 $2.91 47.% 42.46 38.21 4.53 31.35 8.59 .18 24.08
83.17 84.07 8.9 76.16 70.23 83.95 7.63 31, 46.%0 1. . 4. 14 31.04 28.34 25.98 3.9
an 80.723 77.8 73.48 68.00 62.13 6. .69 45.85 L1991 .20 3.24 .7 28.08 5.78 8.5
7.5 7.6 75.0) 70.91 85.87 60.38 .88 45.62 44.81 40,5} 36.70 33.34 .40 27.83 25.57 23.58
23.58 N7 n.a 68,51 63.86 38.72 53.99 48.58 4.9 39.86 %.19 2.94 .08 n.57 5.% <K
72.82 .0 63.74 66.2% 61.93 .12 32.28 47.57 4.19 3.2 35.69 2,34 a.n 27,31 815 n.A
70.16 69.43 82.33 .12 60.08 35.60 S1.01 46.58 2.4 33.60 5.19 32.14 .45 27.06 H.H 23.06
$7.67 87.00 65.07 - 62.11 38.31 34.18 49.8) 4.60 41.63 3.9 34,69 1.75 23.)3 - %.80 un 22.88
85.35 .73 62.95 60.16 56.64 5.73 48.63 44,69 40.98 3.3 U0 a1.38 28.80 26.53 a3l 2.2
83.17 62.80 §0.94 56.32 35.09 L% 7.8 B 40.13 36.78 3N ¥0.% 1.8 %.27 P %y} 32.92
8t 6111 0.5 53.00 3.38 33.54 2.0 46.43 .84 .40 %.19 <1 | B B4 28.16 %91 4.08 - 22,35
§8.13 38.63 7.2 $4.92 $2.07 %, $.9 4.9 38.68 3.61 2.77 X.18 2.8 &M 21.86 20.16
$2.26 S6.80 55.45 $3.36 0.66 47.60 4.7 4l.13 32.99 35.03 2.0 29.80 2.9 25.48 .64 21.%8
. $5.07 33.82 51.85 43.32 %.45 43.38 . 7.3 K 31.83 29.42 n.a p- - Q. a.K
. 3.4 2.7 .40 48,04 4.3 42,43 39.50 36.64 33.91 31.38 8.0 XN 24.% 3.2 2.6l
2.2 S1.88 .77 49.03 46.8] #H.25 41,5 3.72 k.9 3.3 .92 2866 2.9 0,70 2.9 A8
XN 50.38 4.4 47.72 43.64 4.2 40.63 3.% 5.3 32.84 .48 20.29 36.28 n.4 2.7 AB
44.29 8.% .9 47 4.5 Q.21 . .0 N .12 .4 22.93 6.8 0 A1 2. 21.06
7.2 47.61 .70 .27 43.40 4.5 38.9 36.50 .11 31.80 .61 27.3% 23.67 3.93 2.3 .
4.6l %.32 £.48 .11 4. #.37 3, .81 1 .51 3.3 .13 .2 3.3 .87 8.2 20.2¢
10+ 45.38 4.10 “.9 .01 41.35 3.4 3.3 k.12 R.93 30.80 .77 26.85 25.07 A2 a9 20.52
“.17 Q9 43.1% 1.95 .39 3.5 36,38 .46 3.3 .32 28.36 26,91 un a.n .69 0.0
43.02 42,78 4.6 40.94 .46 .0t 3.8 .81 31.81 23.84 27.95 .16 24.48 .92 2.4 20.15
1.9 41.70 41,03 .96 3.5 %% XN 0 N AY 29.38 .55 3.82 .19 2.67 .7 3.97
0.9 40.67 #.04 3.0 37.63 3%.13 N3 32.38 0.74 28.92 a7.16 25.48 3.9 22.43 31.06 9.79
.89 39.68 39.08 J1 .83 B3 3.7 3.9 n.2 1.4 *.77 235.13 .62 .18 0.8 9.61
38.92 - 3.7 38.15 a4 36.06 .64 33.07 3.4 871 28.03 26.40 21.82 23.3¢ L% 20.64 9.43
3.9 37.8) 2. N 3.8 3.9 R.4 2.4 29.22 7.8 26.02 2.5 23.06 a1.70 2.4 9.25
. 3.1 36.93 %42 Bl U 3,24 31.83 3.9 B.NM 27.18 .69 .19 a.n 2.4 20.23 9.07
%5 %0 .61 N8 7 1.8 RN\ 32 [ BY %.77 B9 3.97 .51 .3 2.02 8.%
12t 35.43 .8 .81 08 33.10 .y 30.63 29.25 27.81 .37 24.9¢ .56 2.3 1.0 9.82 8.72
H.b4 N4 H.0 B 2.4 3.3 N0 28.7¢ 7.% 3.9 24.39 2.5 NN 20.77 2.62 8.3%
.87 n.713 R R.66 .7 .7 29.32 8.4 6.9 25.98 U, % .72 20.54 9.4 8.37
1.4 .01 n.62 1.99 3.4 RN.13 8.93 a2.% ¥.49 25,20 - 1.9 2.67 .6 20.32 9.23 8.20
2.4 n.u 3.9 31.33 %.53 1.% 8.47 7.3 26.97 1.8 3.5 2.8 Pty 2.9 9.03 8.03
A% 364 31.28 .70 29.93 2.2 2.9 26.8¢ 25.66 u.6 2.2 2.1 20. 19.07 8.84 7.6
k1M1 .9 30.54 X0.08 29.3 28.48 27,48 26.40 5.2 4. 22.95 a1.82 20.71 . 8.63 7.89
N.46 X.35 3.03 23X 28.81 . 7.0 25.% 24.87 3.7 . al. . 19.44 19.46 17.31
29.83 .14 2.4 o8.94 28.27 .46 26.34 25,54 24.49 23.41 2.33 .27 20.23 19.23 8.27 7.%
9.% .16 28.86 8.3 7.4 .97 2. 6.13 2412 23.08 .03 2L, 14, 19.02 8.09 1.2
16 28,69 28.9% . 28,31 27.8% .24 50 2. M4.72 3. 2275 2174 20,74 19.76 18.8] 7.9 2.03
8.13 8.0 a.n 7.3 8.7% 26,04 3 a3 3.3 2.4 1.45 . 19.33 18.61 .n 6.87
27.59 2.% .25 26.83 26.27 25.59 24.90 3.95 23.04 2.1 1.17 20.23 19.% 18.41 7.54 6.71
7.02 6.9 674 26.3¢ 25.81 . U4 2.7 21.80 . . 19.08 18.21 7.3 6.56
§.$7 26,49 26.2¢ 25.87 .35 Pl 24,01 g.?l 2. 21.50 20.62 18.73 18.9 18.01 2.19 5. 40
.08 .01 =.78 x4 4.92 .30 23.62 . 32.05 LN 2.3 19.49 18.64 17.82 7.01 §.24
NOTE: TABLE VALUES OF -1.00 INDICATE A LOCATION WITHIN THE CASK INTERIOR

WHERE DOSE RATES ARE NOT EVALUATED
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APPENDIX B
, EXAMPLE USE OF PATHRAE-T :
TO  CALCULATE RADIATION EXPOSURES FROM AN ACCIDENT
PATHRAE-T has been developed to estimate radiation doses assoc1ated

with the transportatwn of rad1oact1ve matema‘ls. A complete description

" of the models, methodo‘logy, transport pathways considered, and operation

are detailed in Reference 11, Figure B-1 provides a_.diagram of the input
and output data flow for the code. Following Figure B-1 are copies of
computer inputs. and outputs fdr the runs that produced the estimates of

maximum dndividual and population doses from rail cask accidents

"described in Section 3.3.3.
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FIGURE B-1. INPUT AND OUTPUT DATA FLOW FOR PATHRAE-T.
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WEFAULT INVENTORY VALUE EOK CUTOEF-NREiIDES 15 0.00E-01 CI

. NUMBEK OF TIHES FOXk CALCULATION IS

YEAKS T0 BE CALCULATED AKE ...
1.00 :

THEKE AKE 8 ISOTOPES IN THE INVENTORY FILE
THE VALUE QF IELAG IS 1
NUMEBER OF PATHWATS IS 1

" PATHUAY
10 ATHOSPHEKIC TRANSFORT

TIME OF OPEKATION OF UASTQ FACILITY IN YEAKS
FLDU KAIE OF KIOER (CURICTRETERS/YEAR)
DISTANCE TO RIVERK (METERS) .

DENSITY OF AQUIEEK (KG/CUBIt METEK)
LONGITUDINAL DISPERSIVITY (M)

TYFE OF USAGE
FOK UPTA%E FACTORS

.LATEKAL DISPERSION COEEEICIENT (Kk&2/YR)

NUMBER OF MESH POINTS FOK DISPEKSION CALCULATION

FLAG EOR GAMMA FATHWAY OPTIONS

FLAG FOR ATMOSPHEKIC PATHWAY

DISTANCE TO WELL -- X COORDINATE (HETERS)
DISTANCE 10 WELL -- Y COUKDINAIE (METERS)
UENSITY OF WASTE (KiG/MAA3) .
ERACTION OF FOOD' CONSUHED THAT 15 GROWN ON SITE

FRACTION OF YEAR SPENT IN DIRECT RADIATION FIELD
DEFTH OF PLANT KOOT ZONE (METERS)

AKEAL DENSITY OF PLANTS (KG/MkAZ)

AVERAGE DUST LOADING IN AIR (KG/MAX3)

ANNUAL ADULT BREATHING RATE (Mx%3/YR)
ERACTION OF YEAR EXPOSEL T0 DUST '
CANISTER LIFETIME (YEAKS)
INVENTORY SCALING EACTOR

- ATMOSFHERIC STARILITY CLASS

AVEKAGE WIND SPEED (M/S)
FKACTION OF TIME WIND ELOWS TOWARD RECEPTOR
RECEPTOK- DISTANCE FOR ATMOSPHERIC PATHWAY (H)

ACCIDENT SCENAKIO EOK ATMOSPHEKIC RELEASE -

PUST RESUSPENSION KATE EOK OFFSITE TRANSPORT (HA%3/S)
PEFOSITION VELOCITY (M/S).. .
STACK HEIGHT (¥)

STACK INSIDE DIAMEIER (M)

STACK GAS VELOCITY. (H/S)

DECAY CHAIN ELAGS : :
FLAG FOR INPUT SUMMARY PRINTOUT

ELAG FOR DIRECTION OF TRENCH EILLING
FLAG FOK GROUNDWATEK -PATHWAY OFTIONS

ANOUNT OF WATERK PEKCOLATING THKOUGH WASTE ANNUALLY (HEIERS)

. HORIZONTAL VELOCITY OF AGUIEEK (METERS/YK)

DISTANCE PRoR AQUIEER T0 UASTE

(METEK
AVERAGE VERTICAL GROUNDWAIEK UELDCIIYszH/YR)
KIXING THICKNESS OF AQUIFER (METEKS)
SUREACE EKOSION KATE (H/YK)

0,
3,50E+08
0G.

1700. '
1.00E-03
0.00E-01

o0 W

50.

(=3~

1600.

0.000

0.000
5.00E-07

8000,
0.000

0.
1.00E+00
4

- NUCLIDE INGEST ION INHALATION - DIRECT GAMMA 1

NUMBEK  NAME DOSE EACTORS DOSE EACTORS IOSE FACTORS Dgggughg?ggg -
(MREM/FCD) (MREM/FCI) (MREM-MkA2/PCI-HK) (MREM-HAA3/FCI-YR)

4 CO0-60 2.500E-0% 3.900E-04 © 2.900E-08 1.450E-02

7 KR-85 0.000E-01 0.000E-01 2.890E-11 1:25%%-85

8 Sk-90 1.300E-04 2.200E-03 8.530E-09 5.950E-10

15 1-129 2.700E-04 1.600E-04 2.930E-10 4.850E-03

17 CS-137 4.600E-0S 2.900E-0S 7.380E-09 3.250E-03

31 PU-239 4.300E-04 5.700E~01 4,110E-12 4.250E-07

42 RU-106 2.100E-05 8.100E-04 3.970E-09 1.130E-03

44 (S-134 6.700E-05 4.100E-05 1.910E-08 §.470E-03

B-4



“INDIVIDUAL AT BISTANCE OF HAX IMUN CONCENTRAT ION,

FATHWAY 10

ATHOSPHERIC TRANSFORT

kikkx DOSES EOR HLW RAIL CASK ACCIDENT SCENAKRIO WITH IMPACT

70.70 MEIERS

2
. v
©

SRR S e v et

(IIHES IN YEARS) HALFLIEE‘
C0-60 E+00

B.0GE+00 -

1.92E-03

NUCLIDE NUMBER,NAHE,HALELIFE,AND INVENTOKY (CI)

B-5

1.17E+402 -

Rk
INBDIVIDUAL (MREM) FOFULATION (rAN-REM)

PLUME GROUND FLUME GROUND  DRINKING

INHALAIION GAMMA GAMHA nusT INHALATION GAHMA GAMNA WATEK
1.77E+02 1.01E+01 1.16E+01 1.10E-04 3.06E+00 3.17E-01 1.10E+02 1.81E+02
«00E-01 5.45E-01 7.33E-01 0.00E-0l LQ0E-01 1.71E-02 6.95E+00 0.00E-0}
S.78E-01 2.00E-10 1.76E-03 3.S57E-07 9.98E-03 6.28E-12 1.67E-02 4.88E-01
2.195E-08 8.95E-12 3.09E-11 1.33E-14 3.71E-10 2.80E-13 2.93E-10 5.17E-07
1.126-02 1.73E~03 2.24E-03  6.91E-09 1.93E-04 S$.41E-05 2,12E-02 2.S4E-01
1.03E+00 1.06E-Q9 5.B4E-09 6.38E-07 1.78E-02 3.31E-11 S,.54E-08- 1.11E-02
S.B1E-02 1.13E-04 1.45E-04 3.59E-08 1.00E-03 3.50E-0G6 1,38E-03 2.1%E-02
4.935E-03. 1.41E-03 1.82E-03 3.06E-09 8.59E-05 4.41E-05 1.72E-02 1.1G6E-01
1.79E+02 1.23E+01 1.11E-04 3.09E+00 3.34E-01 1.82E+02



€0-60

C0-60
KK-85
Sk-90
15 1-129

-31 PU-239
42 Kku-106
44 (C5-134

QO b

ey -

INDIVIDUAL AT DISTANCE OF MAXIMUM CONCENTRATION,

FATHUY

10
ATﬂOSPHERIC IRRNSPDRT

70.70 METEKRS

kkkkk DOSES FOR HLW RAIL CASK ACCIDENT SCENAKI0 WITH IMPACT - BURST .

(IIHES IN YEARS) HALFLIFB

5.25E+00
1.07E+01
2.86E+0]
1.70E+07

2.06E+00

3.79E-03

NUCLIDE NUMBER,NAME,HALELIFE,AND' INVENTORY (CI)

B-6

*AkAK
INDIVIDUAL (HKEN) FOPULATION (MAN-REM)

PLUME GROUND FLUNE GROUND  DRINKING

INHALATION GAHHA GANRA IusT INHALATION GANMA GANMA WATEK
1.77E+02 1.01E+01 1.16E+0! 1.10E-04 3.06E+00 3.17E~01 . 1.10E+02 1.81E+02
0.00E-01 4.64E+00 6.24E+00 0.00E-01 * 0.00E-01 1.46E-01 ' 5.92E+01 0.00E-01
9.32E+01 1.82E-08 1.60E-01 3.29E-0% 9.18E-01 5.71E-10 1.53E+00 4.43E+01
<37E-02 2.86E-07 9.89E-07 8.48E-09 2.37E-04 B.98E-09 9.3BE-06 1.6GE-02
4.01E+03  3.10E+01 4.02E+01 2.48E-03 6.93E+01 9.70E-01 3.81E+02 4.5SE+03
.47E+01 9,.61E-08 5.31E-07 S.85E-05 1.63E+00 3.01E-09 S5.04E-06 1.01E+00
$.34E+00 1.02E-02 1.32E-02 3.30E-06 9.22E-02 3.19E-04 1.25E-01 1.96E+00
1.78E+03 2.54E+01 3.27E+01 1.10E-03 3.08E+01 7.95E-01 3.10E+02 2.09E+03
6.13E+03 7.11E+01 9.09E+01 "1.06E+02 2.23E+00 B.62E+02 6.87E+03
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PATHWAY 10
: ATMNSPHERIC TRANSPORT
INDIVIBUAL AT DISTANCE OF MAXIMUM CONCENTRATION, 70.70 HETEKS

*;*k* [OSES FOR HLW RAIL CASK ACCIDENT SCENARIO WITH IMPACT - BURST - OXIDATION
INDIVIDUAL: (NREM)

POPULAT

kkkhk

I0N (MAN-KEM)

PLUNE

INHALATION GAMHA

C0-60 T 1.77E+02

4
7 KE-895 0.00E-01
8 Sk-90 5.32E+0]
15 I-129 2.23E-02
17 C€S-137 | 5.81E+03
31 PU-239 9.47E+01
42 KU-106 2.44E+02
44 (S-134 2.57E+03
TOTALS:
-8 8.99E+03

1.01E+01
9.09E+00
1.82E-08
3.85E-06
2.93E+02
9.61E-08
4.57E-01
2.39E+02

S.47E+02

GROUND
GAnhA

1.16E+01
?.84E+00

9.94E-01

3.08E+02

7.07E+02

pusT

.00E-01
.29E-05
»38E-08
+99E-03
.85E~-05
«91E-04
-S9E-03

5.53E-03

1
0
3
1
3
5
1
1

NUCLIDE NUHBER,NAHE,HALFLIEE;ANU INVENTORY (CI)

(TIHES IN YEARS) HALELIFE
4 (C0-60 S5.25E+00

st

7 KE-8S 1.07E401
8 Sk-9%0 2.86E+01
15 1-129 1.70E+Q7
17 Cs-137 3.01E+01
31 Pu-239 2.42E+04
42 RU-106 1.01E+00
44 (CS-134 2.06E+00

8.06E+00

«10E-04 -

PLUME
INHALATION GAKMA

3.0GE+00
0.00E-01
9.18E-01
3.85E-04
1.00E+02
1.63E+00
4.21E+00
4.44E+0]

1.54E+02

17E-01
0E-01

1.43E-02
7.49E+00

1.72E+01

GROUND
GAHNA

1.10E+02
6.49E+01
lc
1

S.63E+00
2.92E+03

6.71E+03

DR INKING
WATEK

1.81E+02
0.00E-0l

8.82E+01
1.96E+04

6.30E+04
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