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1. . INTRODUCTION

The Nuclear Waste Policy Act of 1982 established the process for the
selection of sites for.the disposal of -spent nuclear fuel and high-level
radioactive waste (HLW). Sites nominated and recommended by the U.S.
Department of Ehergy (DOE) for characterization are described in the
Environmental Assessments (EA) fof each of the nine potentially acceptable
sites. Comments were solicited by the DOE from the public regarding the
draft EAs. |

This study was performed in response to public comments on the comple-
teness and appropriateness of the risk analyses reported in the draft EAs.
The study was meant to brovide rapid and generic estimatesfgf risks to
individuals and populations from transportation of spent fuel' to a
high-level Waste repository or to temporary storage. These estimates were
intended for inclusion in the final EAs. The assumptions used in this
studj— tend to.be vefy conservative, but the risks calculated are still
re]étivé1y Tow. |

In the future, more detailed analyses will be performed as part of the
preparation of Environmental Impact Statements. ‘Also, procedures to reduce
dose rate§ wi11'be determined apd route-specific risk calculations wi11 be
made. It is expected that as a consequence of these refinements subsequent
risk estimates will be cbnsiderably Tower than those reported here.

Chapter 2 of this report descfibes estimates of rfsks to individuals
from normal operétions 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 Eredib]e acci-

dents involving a rail cask containing spent fuel. It also gives estimates
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of areas contaminated by releases of nuclides from these accidents and a
few cost estimates for cleaning up contaminated areas.  Chapter 4 gives
brief statements of the conclusions drawn from these analyses. The appen-

dices provide examples of the computer-generated information employed in

the study.
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2. RADIATION EXPOSURE FROM NORMAL TRANSPORT OF SPENT FUEL
BY TRUCK AND RAIL CASK .

Large gquantities of spent fuel from power reactors will be shipped by
truck‘or rail from the point_of generatibn or temporary storage to the
deéignated nuclear waste repository. This activity has the poteﬁtial for
1ncreasing"radiétjon exposures of individuals above their normal background
levels in the near vicinity of the tranéportation route. This chapter
provides estimateé of the neutron and gamma radiation field surroundiné
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-fﬁee transport of spent
fue1 by truck or rail.

The'transportation casks that will be employed to ship spent fuel via
truck: 6r rail must satisfy numerous regulatory and design requirements
imposed by NRC, DOT, 'DOE, etc. Truck and rail spent fuel ~casks must:
satisfy DOT regu1ations that require that the radiation dose equivalent
(dose) 'rate"not exceed "10 millirem per hqur at any point 2 meters
(6.6' feet) from the vertical planes represented by the outer Tlateral
surfaces of the trahsport vehicle, or in the case of an open transport
vehicle, at any point 2 meters from the vertical planes projected from the
outer edges of the conveyence" (Ref 1). The outer edges of the conveyenbe
are conservatively assumed to establish this boundary for both the truck
- and raii casks. Therefore, it has been assumed that the total maximum dose
rate 2 meters from the outer edges of the transport conveyence is no
greater than 10 mrem/hr regérd]ess of the type of radiation (viz., gamma.
photons and neutrons) and the shielding material composit{on and

configuration assumed by the actual truck or rail cask systems used for
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spent fuel trahsport (Réf 2). This conservative assumption eliminates the
need to account for the cohposition and configuratioh of shielding and
containment materials used in the casks, which are still being developed.
0f course it is possible that current federal regulations may be changed

regarding allowable radiation doses and spent fuel transportation.

2.1 ODEVELOPMENT OF THE GAMMA RADIATION EXPOSURE MODEL

In this analysis the spent fué] transported in a truck or rail cask
‘ was treated as a-uniform Tine source of gamma radiation with a length equal
to a typical pressurized water reactor (PWR) fuel assembly. |

The assumption of a uniform linear source to represent the fue1
assembly or assemblies, rather than a source that is g;eater at the center
and smaller at the ends, is conservative. The highest radiation dose rate’
in "either case will occur at a point adjacent to -the 'center of the
radiation source. Using ﬁhe uniform source model the projected dose rate
will be gfeater at the ends of the cask than with the non-uniform
. ~ representation. Since the maximum allowable dose r_at.e is the same for
either césé, the result is higher calculated dose rates at the endé of the
transport cask than would occur if a non-unifdrm gamma source was used.

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

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

ﬁ(r,z) = 5 B(r,z) {Arctan L. z>] + Afctan L . F4 (1)
b r\2 1r\é




where
S = effective line gamma radiation sourcé strength (mrem - m/hr)
B(r,z)' = effective gamma buildup factor (dimensionless)
L = 1length of the line radiation source, e.g., a spent LWR
fuel assembly (m)
r,z = the radial and axigl 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 = R and 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

R

radial position for 10 mrem/hr boundary

2 METER BOUNDARY
FROM PERSONNEL BARRIER

| |
l“ O l
Fommmm e ———— -
[} - t
i . :
1
| 2 L2 ~ 1 AXIS OF
; S WIS TITIIN =IO IINIINIS, ', L HLW CASK o
- )

b ~— 1

R 1 RN ;
1 ~ i
1

—] b e
/‘ \ .
LINE OF RADIATION SOURCE r "““""——-'“"-(';" H(r,z)
Y DOSE RATE LOCATION
RADIAL DISTANCE
FROM HLW CASK
FIAE=101%51%

FIGURE 2-1. SCHEMATIC AND COORDINATES FOR RADIATION FIELD ARQUND
' : A SPENT FUEL CASK.
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From Equation 1 it is found that the gamma source strength is given by

s = 27R 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 doée rate'to-the direct gamma dose rate, {.e., the total dose
rate due to collided and uncollided photons divided by that.due only to
unéo]]ided photons. The buildup fé&tor accounts for those photons that are
scéttered by the atmosphere (referred to as skyscatter) and those scatterea
by the ground (referred to a§ grouhdscatfer).

It hés been observed experimentally that the presence of ground
scattering in practical 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 is assumed to be

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

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

B(atmosphere) = ¢ ua‘/rz + 22 (3)

where
¢ = a constant
.pa = . the effective photon attenuaﬁion cﬁefficient for air (1/m)
ryz = the radia]Iand axial positions from the center of the line

source as shown in Figure 2-1 (m)

Evaluation 6f the component of the buildup factor for the
groundscatter, B(ground), is moré complicated than skyscatter. Although

both comﬁonents arise primarily due to Compton scattering of photons, the
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marked 1increase in atom density of the ground over the atmoéphere
(viz., about a three ‘orders of magnitude increase), requires special
consideration.

The mathematical model employed to describe photons emitted from the
line source (the spent fuel) which undergo Cbmﬁton scattering with the

ground is given by

- hqy)2 3
B(ground) = |1 + (ho - M7 | N (4)
ré + z 2ep '
where
hg = effective height of the spent fuel line source above the
ground (m)
: h1 = effective height of the point of dose measurement (m)
N = .mean atom density of ground materials (atoms/m3)
‘w = effective photon attenuation coefficient for ground
‘ materials (1/m)
e = effective ground penetration factor (dimensionless)
I = the'expreésion which accounts for Compton scattering of -

photons from the spent fuel to the point of _dose measure-
ment, integrated over the ground surface (mz/atom)

" The full expression for the term I is given by

/' f do x2dédx

dn (s2 + x2)3/2 (1 + t2 + x2 - 2xcosf)

where | . : '

2 - h02 o £2 - h12

rl + 22 r + 72
@ = the Compton scattering angle

and

do _p . B

dQ 1+ x2 + t2 - 2xcosf
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The expression given for do/dQ is an approximéte differential Compton cross
section (Ref 8) for photon scattering from the grbund. The parameters. A

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

.section for the photon energy distribution from the.cask.

2.2 DEVELOPMENT OF THE NEUTRON RADIATION EXPOSURE MODEL

The spent fuel also contains transuranic elements which are producéd
as a result of neutron capture in uranium (and thorium, if.present). Many
of these nuclides (inc]udihg isotopes of uranium, plutonium, curium, etc.)
undergo ”spontaneous fission resulting in the emission of neutrons. A
predominant neutron emifter encountered in spent fuel from light water.
reactors is the isotope curium-244 (Cm-244) which has a half-life of
18.1 years. A typical PWR spent fuel assémb]y 5 years out of the reactor
contains about 600 curies of Cm-244 which decays predominantly by alpha
emission and 0.06013 percent of the time by spbntaneous fission, emitting
neutrons'with a standard fission energy spectrum. | ‘

The energy dependent neutron flux field from the spontaneous fission
neutron emitters was calculated for a standard truck and rail spent fuel
cask using DISNEL, a éenera]ized one-dimensional, mu1t1p1e energy group,
neutronjcs computer code (Ref 9j. _ The'spoptanéous fission neutrons were
assumed to be uniformly distributed withfn the spent fuel regibns of the
casks. Standard spent fuel cask configurationé and material compositions.
for both truck and rail césks as specified by Reference 10 were emp]oyed.
The outer:boundary condition used for the ca1cu1ations 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 depéndent flux distribution 4(r) as follows:

NG : _
Hir) = 2 6ilr) OF; B
where |
r = position vector
ﬁ(r)' = neutron dose rate (mrem/hr)
¢i(r) = neutron flux for the ith energy group (neutrons/mz'séc)
DFj = dose conversion factor for the ith energy group (mrem - mé -
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

f(n) fraction of the dose rate at R due to neutrons

P
"

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 'devé1oped. 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 bermits the cask and the point of dose

assessment to be located at any position above the ground and
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OF NEUTRON ENERGY). BASED ON APPENDIX 6, ICRP PUBLICA-
TION 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
"pictorial mapping" output of the position-dependent radiation field
surrounding the cask. This permits the easy assessment of the totg] 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
Equatfons 1, 2, and 5 by PATHRAE-T. The factors f(Y) and f(n) (i.e., the
fractions of the dose rate from gamma radiation and neutrons at the 2 m
boundary from the truck cask surface) were éssumed. 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 fqel cavity. . T;is distribution for the fruck cask
- was determined to be 65 percent gammé dose rate and 35 percent neutron dose
rate. For the rail cask the distribution was 50 percent gamma dosé rate
and 50 ﬁercent neutron dose rate. The raf1 cask distribution comes from
Table 5.1 in Ref 10 for a wet neutron shield and dry fuel cavity.

Figuré 2-3 shows the_ dose rate field obtained from PATHRAE-T (see
Appendix A) surrounding a spent fuel truck cask. Isodcse lines are given
in units of microrem pef 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 doﬁe 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.

Appendix. A of this repo}t provides the detailed dose rate maps
produced by the computer code PATHRAE-T for both the near fiéld (0 to
15 heters) and far field (0 to 150 meters) for both truck and rail casks.
The 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 individba] exposure
events which might occur within the radiation field of a spent fuel cask in
normal transport.: Mény of these potential exposure events (e.g., caravan

and traffic 6b§truction) will not -necessarily occur with each spent fuel

shipment. Furthermore, the distances and exposure times are chosen to_ ‘

repreent unlikely "values which in combinafion result in maximum credib1e
individual exposures. - Four classes of normal spent fuel transportation
exposure are postulated for both truck and rail casks. The first c1éss is
the caravan §cenario, which includes all exposures arising from eQents in
which people are traveling along the same transportation route as the spent
fuel cask. For example, pésseﬁgérs in vehicles traveling ahead, to the
éide,'br behind 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 expoéube 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 ETEM .y 30 min = 1200 wrem
min .
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TABLE 2-1

PROJECTED MAXIMUM INDIYIDUAL EXPOSURES FROM HORMAL SPENT FUEZL TRANSPORT BY TRUCK CASK*

Maximum
Description i Distance To Exposure Dose Rate
- (Service or Activity) Center of Cask Time . and Total Dose
Caravan
Passengers in vehicles traveling in 10 m 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 urem/min
lanes adjacent to the cask vehicle N . 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 40 m 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 prem/min
(homes, businesses, etc.) . : _ 0.1 mrem
. Truck Servicing
Refueling (100 gallon capacity) 7 m (at tank) 60 purem/min
- 1 nozzle from 1 pump 40 min - 2 mrem
- 2 nozzles from 1 pump . | 20 -min 1 mrem
Load inépect{on/enfdrcement. 3m 12 min - 160 prem/min
(near personnel 2 mrem
barrier) .
Tire change or repair to cask trailer 5m 50 min - 100 prem/min
: (inside tire 5 mrem
nearest cask)
State weight scales - 5m . 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 cirr
cumstances necessarily arise during every shipment,
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TABLE 2-2

PROJECTED MAXIMUM INDIVIDUAL EXPOSURE$ FROM NORMAL SPENT FUEL TRANSPORT BY RAIL CASK*

vehicles traveling in same direction and:
vicinity as cask vehicle

Traffic Obstruction-

Exposures to persons in vicinity of . " 6m 25 min
stopped/siowed cask vehicle due to
rail traffic obstruction

Residents and Pedestrians

Slow transit (through station or due to 8m 10 min
traffic control devices) through area with

pedestrians

Slow transit through area with residents 20 m 10 min

(homes, businesses, etc.)

Train stop for crew's personal needs 50 m 2 hours
{food, crew change, first aid, etc.)

Train Servicing

Engine refueling, car changes, train. . 10 m _ 2 hours

maintenance, etc.

Cask inspection/enforcement by irain, Im 10 min
state or federal officials '

Cask car coupler inspection/maintenance 9 m 20 min
Axle, wheel or brake inspection/ m 30 min

lubrication/maintenace on cask car

Maximum
Description - Distance To Exposure Dose Rate
{Service or Activity) Center of Cask Tima and Total Dose
Caravan
. Passengers in rail cars or highway 20 m 10 min " 30 prem/min

0.3 mrem

100 prem/min
2 mrem

70 prem/min
0.7 mrem

30 urem/min'
0.3 mrem

5 prem/min
0.6 mrenm

50 prem/min
6 mrem

200 prem/min
2 mrem

70 wrem/min
1 mrem

90 ufem/min
3 mrem

* These exposures should .not be multiplied by the expected number of shipménts 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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6% about 1 mrem for the truck caravan scenario; This dose estimate
neglects shielding afforded bj‘passenger vehicles and is.be1ieved to be
Conse}vatively high. Furthermore, ﬁhe probability 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 hore 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 cask and an exposed 1ndivfdua1 is recognized
as highly conserVative-and unlikely to be.repeated_for the same exposed
individuals. The dose rate of 100 microrem'per minute at 5 mefers from the
truck Eask for a 30 hinute exposure results in a maximum jindividual dose of.
3 mrem. The maximum dose estimated for a rail cask involved in a traffic
obstruction event is 2 mrem.

“Another class of individual exposures results frqm the transit of the
cask .through areas where pedestrians and residents are Tlocated 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; dependihg upon the specific scenario assumed.

The final class of .individual éxpOSure events during normal transport
operations are those associated with the servicing (refueling, inspection,
maintenance, repair, etc.) of the cask transporter. Doses are about
6 mrem or 1éss for various servicing activities, as shown in Tables 2;1 and
2-2. | | |

| The individual radiation exbosures given in Tables 2-1 and 2-2 are

projected maximum exposures that an individual could receive in the normal
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transhort of spent fuel.. txposures this large are unlikely to occur with
most shimpents. Therefdfe, they should not be muTtip]ied by the ﬁumber of
shipments Ito estimate accumulated doses that may arise from repetitive
shipments of spent fuel. It is expected that more detailed analyses that'
include additional effects not accounted for in.the§e'ana1yses 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 thefe has never been a
transportation accident invo]ving spent fuel which has resd1ted in a
release of radioactive material to the environment (Ref 12), Furthermore,
no release of radioactive material has occurred from any package designed
as a& accident-resistant package. This excellent safety record provides no
.historica1 data to fully confirm theoretical models and controlled field
and laboratory exﬁeriments, but the record does demonstrate that the proba-

bility for a cask failure and radioactive material release is very smaill.

3.2 ACCIDENT WITH NO RELEASE OF RADIOACTIVE MATERIALS TO THE ENVIRONMENT

Spent - fuel rail casks each cohtaining up to 14 PWR spent fuel
- assemblies could conceivably be involved in a variety of raf] related
'transpdrtation accidents., A well doéumented history of the ﬁature, cauges,
and consequences of all classes 6f railroad transportation accidents exiﬁts
" and reasonable estimates are available for predicting accident frequency,
type, freight invo1ved; 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 likely outcome will be that
no radioactive material release from the cask will occur. This will be
true even if the accident involves deréi]ment and overturn of the rail cask
car, Furthermore, even detachment of the spent fuel cask from the rail car
would, with high probabi]ity, result in no release of radioaétive contents

from the cask.’



Iflnone of the radioactive contents of the cask are re]eé;ed to the
environment, then the total radiation field around the cask can be
represented by the radiation isodbse maps for both the near and far fields
given in Appendix A. (See Specifica11y Figureé A-3 and A-4, and Tables A-4
and K-S.) This is essentially true even if.internai damage to the fuel °
assemblies and redistribution of crud within the cask results in radio-.
active releases to the interior of the cask. fhé radiation exposures to
- emergency responders, accident victims, and observers can be assessed at
any location from these isodose maps. For example, someone standing 6n or
by the spent fuel rail cask would receive radiation exposure at a rate of
about 400 microrem per minute. If the‘individua1 spent cne hour fighting a
fire or performing a personnel rescue at that location by the cask then the
accumulated exposure after one hour would bé about 24 millirem. This is

comparab]é to exposure from a single medical x-ray procedure.

3.3 ACCIDENTS WITH RELﬁASE OF RADIOACTIVE MATERIALS TO THE ENVIRONMENT

3.3.1 Description of Release

The release of radioactive materials from spent fuel to the cavity of
a spent .fuel shipbing cask and then to the environment; with subsequent
internal or external radiation exposure to humans, is a complex, improbable
process with many possible variations and conseéuences. The proBabi]ity‘of
spent fuel transportation accident that results in the release of radio-
active'materia1s'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
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PWR spent fuel assemb]ies, each five years out of the.reactor. A]thodgh a
maximum of five rail cask cars might be coup]gd 'together in .a single,
dedicated train, it was assumed that the credible potentia] for release of
radioaétiVe ‘material to environment exists for only a single rail cask
~involved 1in the aﬁcident. 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 1least six physical mechanisms (Ref 13) which can
contribute to the release of radioactive materials from spent reactor fuel
contained in a cask. These mechanisms, each of which have distinct,
quantifiable processes associated with them, are l) impact rupture,
- 2) burst. rupture, 3) diffusion, 4) leaching, 5) rapid oxidation, and
6) crud release. Diffu§ion, leaching, and heating (which produces rapid
oxidétion) are important transport processes, however, only if rupture of
both the cask and fuel has occurred, providing a pathway for movemént of
‘- | rad‘ioacfive materials from the fuel to the interior of the ca;k and then to
the environment. |
Impact rupture of the spent fuel 1is the release of radioactive
material due to mechanical disruption énd failure of -the fuel cladding
f6110wed by depressurization of the fuel rod. Burst rupture of the spent
fuel is the release of radioactive maferia1 due td external heating which
produces internal pressures in the fuel sufficient to deform and burst the
cladding and fuel rod. Rapid oxidation can enhance the release of radioac-
tive materials from the fuel. After failure of the protective fuel
cladding, severe heating combined with air flow err the exposed uranium
dioxide- fuel (U0, 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 enhanced release of radioactive fission products.

Crud release | is associated with the 1liberation of certain
radionuclides, most of which are not fission products. These'nuclides are
contained in materials which have deposited on 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
dislodged and transpdrted to the environment if the cask were breached,

‘ - even if the fuel cladding anld assemblies maintained their integrity.

A large, catastrophi; fajlure and full breaching of the cask is not
.considered credible and has never been observed (Ref 13). Hohever, casks
which employ valves for access to the cask interior ‘volume could be
breached by valve failure in crédib]e-accident'scenarios‘despite protective
design meaéures. Furthermbfe, leakage past the cask closure seals or even
a small breach due to a fine stress crack in the cask wall are also con-
sidered credible, although all experimental tests on tasks have fai]ed to

. provide evidence of such cask failures.

The Set of accident scenarios examined here for radiation dose
cdnsequences is considered to include the worst credible scenarios for
radioactive materidl'releases,which might occur,frbm an air-cooled rail
cask. In this worst case scenario set, the rail cask and its spent fuel
assemblies 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 severe mechanical disruption and
intense heating from a fire fueled by petroleum or otﬁer highly
flammable materials. Spent fuel assembliés which are five years or older

h(f.e., have been out of the reactbr core for five years or more) do not

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

)
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Qxfdafion process. Therefore a large externaj'soufce of héat, similar to'a
burning-rai] 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 tabulation of the majdr radioactive nuclides and
their invehtory in a rail cask containing 14 PWR spent fuel assemblies,
each five years old. “On the basis of the projected worst case rail
accidents for an air-cooled rail cask, the credible releases of nuclide§ to
the environment and the fraction of this _envirénmental .release that is
respirable have been estimated by Wilmot (Ref 13), These releases are'
tabulated for each accident class, viz., impact rupture, burst with impact.
rupture and, finally, oxidation with impact and burst rupture,
| Table 3-2 shows the dose conversion factors used to convert nuclide-
specific intakes or nuclide concentrations to dose commitments from
inhalation, ingestion, and direct gamma radiation exposures from ground
deposition and ‘airborne radioactivity. The dose conversion factors for
inhalation and ingestion are for 50 year dose ;ommitments. They are for -
whole-body 'equivalent' doses bésed on cancer risk weightings given in
ICRP-26 (Ref 14).

A1thoﬁgh numerous radioactive nuclides are found 1in typical ﬁpent
fuel, the 8 nuclides listed inuTab]es 3-1 and 3-2 have been found to have
the gfeatest human health consequences if they are inhaled, ingested or

deposited on the ground (Ref 13),
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TABLE 3-1

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

Environmental Release (Ci)** Respirable Fraction**
Cask Impact Impact, . Impact ~ Impact,
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) : ' ' .
Kr-85 42,700 512 © 4,360 4,780 1,00 __1.00 1.00
Sr-90 417,000 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 0.213 0 0 - 0.001 0.05 1.00 0.12
Cs-134 | 192,000 0.0019 34.6 326 . 0.05 1.00. 0.15
Cs-137 613,000 0.0061 110 1,040 0.65 1.00 0.15
Pu-239 - 2;870 0.0 0‘0026. 0.0026 0.05 0.05 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.
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TABLE 3-2

DOSE CONVERSION FACTORS FOR DETERMINING EXPOSURES
FOR SPENT FUEL RAIL ACCIDENTS

Ground Gamma, _ Cloud Gamma

oot Frctara (8] pomeFacions (0)POSg Eagiers'™)  Dose Fectors(®)

Nuclide (mrem/pCi) _(mrem/pCi) “pCi/mZ __]ﬁiﬂﬁﬁé—
Co-60 2.50E-05(8) . 3.50E-04 © 2.90E-8 1.45E-02
Kr-85 0 0o 2.89E-11 1.23E-05
Sr-90 1.30E-04 . 2.20E-03 8.53E-09 §.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 5.70E-01 4.11E-12 4.25E-07
Ru-106 2.10E-05 8.10E-04 2.57E-9 1.13E-03
Cs-134 6.70E-05 4.10E-05 1.91E-8 8.47E-03
a Source: Reference 15.

b These factors represent maximum effective 50-year comm1tted doses for
inhaled nuclides with particle activity median aerodynamic diameters (AMAD)

of 0.3 micrometers.
class.

The respiratory clearance class of the nuclide is Y
Data source is Reference 15.

c 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 a1rborne
cloud of radioactivity.

e 2.50E-05 =

2.50x1079,
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-3.3.2 PATHRAE-T Computer Code

The PATHRAE-T computer_cpde (Ref 11) waé used to provide estimates of
the magnitude of radiation doses which could occur 1% nuclides from spen£
fuel were re1easéd to  the environment during a rail cask accident. The
PATHRAE-T code can be used to calculate whole body dose equivalents to
individuals or population 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 generé]ized motion of airborne gases and particu]ate§ from a cask
release is best described as a turbulent diffusion process'qharacterized.by
the cumulative effects of turbulent eddies in the atmosphere and gravity.
The PATHRAE-T code uses the Gaussian puff atmospheric .dispersion modeT
(Ref 17). Time integration of the puff .ét a fixed location yields an
_ expression'sim11ar to the Gaussian plume model for continuous releases.
The code uses both the centerline concentration and areally averaged _
concentrations, as appropriate, for the analyses. The puff model employs
the following mathematical description (Ref 17) for the ground 1level

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

source:
2 2 - 2
x(x,y,t) = 20 5 exp[-% gh 2‘+'3’ > + {x - ut) s]

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)
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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 dispersion coefficient, a function of x (m)

o, = vertical dispersion coefficient, a function of x (m)

Particulate depositfen is calculated by the standard puff depletion
.method .in which Q in the above equation is replaced by a smaller d'
(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 Reference 11. PATHRAE-T also contains the flexibility of_using
two different deposition velocities if desired. The deposition ve]ocity
hsed foe over-land scenarios corresponds to an equiiibrium deposition which

includes the effects of resuspension. For over-water scenarios a different

deposition velocity may be used because there is no resuspension. Ground

concentrations from atmospheric deposition are ca]culeted by the time
integration of the product of the air concentration et ground level and the
deposition velocity. The ‘entire nuclide release is assumed to occur in a
time short compared to the residence time of the exposed individuals..

The PATHRAE-T methddo1ogy can model numerqus. recognized pathweys
through which hemans can be exposed to radiation. These pathways include
atmospheric transport, surface (wind or water) erosion and groundwater
transport. Other pathways and transport associated with activities such as
living and growing edible vegetation on the contaminated site and esing
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

individual doses are then summed to give the total dose for a given
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péthway. The dose rgtes to the popu1ation and selected_individua]s from
all pathways is then computed.

| The radiation dosés described in Section 3.3.3 and 3.3.4 from rail
cask accident are assumed to result from the following radiation exposure
pathways:

1, Inhalation of gaseous and airborne particulate nuclides 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 negligible compared to the above
exposure pathways and were not considered further.

3.3.3 Projected Individual and Population Exposures From Afmospheric and
Ground Pathways

The very severe, credible spent fuel rail accident was evaluated for

vériogs geographic settings and population densities. Although the

geographic and population characteristics did not affect individual doses,

the characteristics do strongly influence popu]ation'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

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

l*-
Q;r

“
persons/kmz, equivalent to 10,000 people per square mile. The rural areaéfp

N

W
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‘population density was assumed to be 6 persons/km2 or.15.5 people per
square mile. The average population density for the continental United
States is about 24 persons/km?, Population doses Qere calculated for the
population wifhin 80 km of the release point. |

Neutral stability conditions (viz., Type-D PasquiTl stability) were
.used to repreéent p1ume’dispersion. The estimated exposures and health
effects are based on the presence of the maximally exposed individual
directly downwind from the release point during the entire nuélide release
périod and continuous residency by the population for 50 years after the
accident. The majority of the individual exposure comes from inhalation
dufing-the time in which the entire nuC1idelre1ease is assumgd to occur.
The individua] exposure is based on the conserv;tive assumption that no
protective"éction is taken by the individual to reduce eiposure (e.g.,
mbvement‘away from the n&clide path or use of a breathing apparatus, etc.).

Tables 3-3 and' 3-4 indicate the estimated radiation doses for
maximally exposed dindividuals and the general population received By
persons located generally downwind of the accident. The location for the
maximum individual exposure occurs at a position about“70 meters directly
downwind from the point of release in the cask.

From Table 3-3 'it is observed that about 90 percént or more of the
radiation dose to the maximally exposed individual is, for all three
classes of release, associated with fnha]ation of radionuclides in thé
atmosphere. Ground and plume gahma 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 ox{dation) results 1in a maximum individual dose of about

. 10.2 rem. This dose 1is considered to have no consequence other than a
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TABLE 3-3

v

MAXIMUM INDIVIDUAL RADIATION DOSE ESTIMATES FOR
RAIL CASK ACCIDENTS

Accident Class - Dose (mrem)*
_ Plume * Ground © Dust
Inhalation Gamma Gamma Inhalation
Impact : 179 10.7 12.3 0.0001
Impact and

Burst - 6130 71.1 90.9 0.004

Impact, Burst ~ N .
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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TABLE 3-4
50-YEAR POPULATION DOSE ESTIMATES FOR SPENT FUEL RAIL CASK ACCIDENTS*
NO CLEANUP OF DEPOSITED NUCLIDES
Accident Class Urban Area {3860 people/km?) Rural Area (6 people/km?)
- Plume Ground Plume  Ground
Inhalation Gamma Gamma Total Inhalation Gamma Gamma Total
Tmpact
Dose (person-rem) ' 3.09 0.33 936 939 0.005 0.0005 1.45 1.45
Latent Health
Effects** 0.19 ' 0.00029
b Impact and Burst
w Dose {person-rem) 106 - 2,23 13,400 13,500 0.16 0.0034 20.8 21
Latent Health ’
Effects** . 2.7 0.0042
Impact, Burst and Oxidation
Dose (person-rem) ' .154 - 17.2 112,000 112,000 0.24 0.027 174 174
Latent Health ] .
Effects** 22 0.035

* The ground gamma dose is what would be recieved if each member of the population stayed at the same location for
50 years. The inhalation dose is a 50-year dose committment from inhalation of the passing plume, Doses are for
the population within 80 km of the release point. It is assumed that there is no cleanup of deposited nuclides
and that no other measures are used to reduce radiation exposures.

** Based on 1 person-rem = 2x107% latent health effects. A latent health effect here is 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 increase in the proﬁabi]ity of incurring cancer in later
years (Table 6.6a of REF 18).

Table 3-4 shows that nuclides deposited on the ground account for 99
percent or more of the population dose; while inhalation and. plume
exposures'are incurred only during the passage of the airborne nuc]ides;
exposures from ground deposit%qn continues for the entire 50-year per{od of
residence assumed in the analysis. Exposure from dust resuspension is Tow
because it was assumed that the nuclides migrate a few centimeters into the
ground'in the fifst year after the accident and are absent from airborne
dust thereafter;z The population doses from ground exposure shown in Table
3-4 would also be reduced:by na;ura1 weathering and dispersal of nuclides
in the soil, which are consefvative]y ignored 1in this analysis.
thhermore, c1eanu§ or other dose limiting actions that were conservatively
neglected in this analysis would undoubtedly be pérqumed.

For the urban population density a worst case rail cask éccident with
impact and burst rupture enhanced by oxidation could result in about 22
latent health effects if the nuclides deposited on the ground are not
cleaned up or other measures to reduce radiation exposure are.hot imp1e-
mented. For the rural popq]ation denéity, the same accident could result
in about 0.035 latent health effects. | |

These hea]fh effects may be put in perspective by considering cancer
fatalities in the same population from all other soufces over 50 years.
The populations within the 80 km radius for which population dose§ were
calculated are 4;800,000 persons for the urban popu1atioh density and 7,500
persons for the rural density. Using a cancer rate ~of 0.00194 lfata]
cancers per person per year from all 6ther 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, respectively, from‘all other causes in the same
. time period. Clearly, the severe but credible rail cask accident does not
contribute ;ignificantly to the number of cancer fata]ities in the region.

The value of cleaning up the deposited radionuclides as a means of
reducing population dose was investigated. Section 3.4 discusses cost of
cleanup as a function of thelcleanup criterion. The cleanup criterion is
the maximum permissible gfound surface concentration (in microcuries per
square meter) after cleanup is complete. .

For a cleanup criterion of 0.5 uCi/m2* the PATHRAE-T code‘ca1cu1$tes
that aﬁ area of about 45'km2 would have to be cleaned up after the impact,
burst‘and'oxidatioﬁ accident. If this area is treated within a short time
after the accident to remove contaminafion down to the 0.5 pCi/m2 level,
the number of latent Health effects predicted is reduced from 22 to about
17, If 1 pCi/mz.or 0.2 pCi/m2 are used as cleanup criteria, the cleanup
areas.are 22 km2 and 110_km2, respectivély, but the number of latent health
effects is essentially unchanged. The fact that 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 thg

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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maximize the water pathway exposure that would resQ1t.from a réi] cask
accident. The release puff or b1ume was assumed to be transportéd over a
‘large reservoir that is wider than the transverse extent of the,buff or
plume. The—reservoir was assumed to have a surface area of 400,000 m2
(about 100 .acres) and to contain about 3.8 million cubic meters (about one
billion gallons)-of water. The plume or puff from the release passes over
the reservoir as it travels from 100 meters to about 1400 meters downwind
of the release point.

The nuclides deposited on the wate} 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 pobu]afion. Iflintensive use for irrigation is a]so'assumed
the effect would be to increase population doses by a factor of less than
2. ﬁo reduction in the radfoactivé'nuc1ide inventory deposited on the -
water body surface was assumed due to radioactive decay or water treatment.
The consérvative assumption . wés aTSol made that one percent of thé
contaminated water was u1timaté1y ingested by humans through drinking
water, The 1980 U.S. laverage consumptive use of water reported by the
U.S. Water Resources Counci] was'163 gallons per person per day. A50ut
0.16 percent of this consumption (i.e., 1.0 liters 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_acciqent class (impact, 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**

Imbact'and Burst 153 - 6870 person-rem
1.4 LHE*™®
Impact, Burst 1379 63,000 person-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 =
2x1074 LHE.
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It is impdrtant to recall the conservative assumptigh§ _made in
arriving at these estimates for the maximum consequences of seve}e but
credible rail accidents th?t result in éignificant water contamination.
The probability of a rail cask accident with radionuclide release is no
greater than 2 occurences pér millcon rail transport accidents.
_Futhermore, the probability that such an accident would occur near a major
-'reservoir and that prevailing weather conditions wbh]d 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
fuel accident release it is reasonable to assume that normal water
treatment pfocesseé, combined w{th monitoring and emergency acfions, would
significantly reduce doses received by the affected population to levels
well below those predicted by  this maximum consequence analysis.

It is also helpful to put the impacts in Table 3-5 into perspective.
Assuming an annual wgter ingestion of 400 quarts per year by each person,
for the water consumption assumed in the calculations (oné percent of one
billion gallons), this water quantity would service about 37 million
‘people. In a single year, using the same cancer risk f@ctbr as used 1in
Section 3.3 (Ref 19), those people would experience about 72,000 cancer
fatalities from other causes. Again, even usihg very conservative

‘calculations of accident effects, the worst case rail cask 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 if a cleanup of the more highly contaminated areas
s carried out. However, the total economic costs associated with cleanup
and reclamation for a substantial radionuclide re]éase could be very high
and the het, reduction in associated health effects relatively low (see
Section 3.3). X |

‘Detailed estimates of the costs incurred for c¢leanup 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 about 2 billion dollars have been projected following thé
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 econbmic costs for cleanup and recovery will be strongly dependent
on the amount and type of radioactive materia] released, ‘the partiéu1ar
setting (rural, urban, plain, mountaiﬁous, sea shore,'etc.f and the level
of cleanup (i.e., the minimum residual activity level that is permitted to

Iremain-after.cléanup).

In .this .ana1ysis the cost and manpower estimates far cleanup and
recovery from worst case rail cask accidents are for a contaminatéd rural
setting., The three classes of rail cask accidents described previoﬁs1y
were considered.

Table 3-6 provides the ground areas calculated by the PATHRAE-T code
as being contaminated after a spent fﬁe] rail cask accident. The areas are
shown for contamination above various levels of surface activity. For
example, a level of 10 uCi/mé for the 1380 curie release from an impact,
burst and oxidation class accident is associated with a contaminated area
of 2.16 km&, The charaéteristics for other contamination 1levels and

accident .classes are similarly defined.
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TABLE 3-6

CONTAMINATED AREAS FROM SPENT FUEL RAIL CASK ACCIDENTS

i

),
<
.

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) 23.3
0.5 _ 45
0.2 110

* Activity for Kr-85 (and all other radioactive noble gases) is omitted.
A11 other nuclides are eventually assumed to be deposited in the soil.
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The various levels of soil .contamination listed in Table 3-6 can be
~related approximately to average annual radiation exposure that would be
incurred by individuals living in the contaminated area immediately after
cleanup. The three principal nuclides that account for over 99.5 percent
of the activity deposited on the ground are .Co-60, Cs-134 and Cs-137.
Healy (Ref 22) estiﬁates that a uniform soil activity of 80 pCi/g of Cs-137
or Cs-134 will result in a total annual individual dose frbm all pathways
combined (inhalation, ingestion, and external radiation) of abbut'SOO mrem
per year to an individual living on the.cdntaminated site andltonsuming
food from a home garden. A soil activity of 80 pCi/g (Cs-134 or Cs4137) is
conservatively associated with a surface contamination of about 5 pCi/m2..

Fbr Co-60, which is the dominant nﬁc1ide for the impact class spent

fuel accident, a soil activity: of about 20 ﬁCi/g, or 2 uCi/mé is

associated with the equivalent 500 mrem per year dose to an individua]
living on the contaminated sité. In view of Federal policy (both EPA and
“NRC) td minimize doses to both individuals and population groups, it is
difficult to predict the ‘actual cleanup levels that would be required. The
EPA (Ref 23) has recommended a cleanup level of 0.2 uCi/m? for transuranic
| elements in the general environment.

Using the data from Table 3-6 it was possible to project a set of cost
and tihe requirements for different cleanup levels in a rural setting.
Khowing the ground area of contamination and assuming an acceptable depth
of soil removal, the volume of contaminated sofl was estimated.

Rough estimates of cleanup costs and récovery time requirements are
given in Table 3-7,.for cleanup to a level fhat limits individual dose
rates %rom radionuclides 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?) Low High  (Calendar Days)
I - Impact 6.3E+4 2.0E+5  9.5E+6 25
" II - Impact and Burst 4.8E+5 1.4E46  7.0E+7 68
III - Impact Burst and 473E+5 1.3E+7  6.2E48 . 460

0x1dat1on

* Cleanup is to a level that reduces individual dose rates from depos1ted
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:

0 Monitoring, excavating, loading.and packaging. These costs
vary with terrain, equipment accessibility and packaging
(if necessary) requirements.

o Transportation costs to the nearest acceptable disposal
site. These costs vary with travel distance and
transportation routes,

) Disposal costs. This varies with the disposal site selected
and necessary site preparations to accomodate the given
waste form.

o 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 '1oading of contaminated soil in open
trucks to $430/m3 for extensive moni toring, packagfng 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
($5/m3 to $510/m3) costs depénding upon the specific cleanup scenario
projected. The low cost estimates are based on costs projected for cieanup
of the Vitro uranium mill tailings in Salt Lake City, Utah (Ref 24). The
Vitro cleanup represents rail transportation over about 100 miles. The
high cost estimates are based on transportation and waste preparation cost
estimates for low-level radioactive wastes from Reference 25 and disposal
costs for the Barnwell, South Carolina low-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 'c1eanup and recoVery times in calendar days are also
provided for each scenario shown in Table 3-7. These time estimates assume
about 4 to 7 calendar days for emergency response, radiafion monftoring,
and evaluation of the contaminated area. The remaining time is devotéd to
actual cleanup and removal of contaminated materials. The mathematical
relationship a;sumed for the cleanup and recovery time is approximaté]y
linearly dependent upon the contaminated Tland area, witﬁ 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 likelihood 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 receive 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

report regarding radiation exposures and health effects from the worst

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 1large 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

this

case



inhalation of radionuclides in the atmosphere. This dose is
not unreasonable, considering the circumstances and small
probability of occurence.

. e 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 'succéeding 50 years., However, this compares to 470,000
cancer fatalities that the same population would exper1ence
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 rail accident
.studied could reduce the 50-year exposures and health
effects to the surrounding popu]ace, over the range of
likely cleanup levels the reduction is not dramatic (from 24
to 17 latent cancer fatalities) and is highly 1nsens1t1ve to
the c]eanup Tevel used.

* 0f the latent health effects, about half would be cancers to the exposed
‘generation and about half would be ser1ous genetic health problems to_
~ the two succeeding generat1ons.
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APPENDIX A
RADIATION FIELDS AROUND SPENT FUEL CASKS IN NORMAL TRANSPORTATION

{

This appendix pfovides the detailed isodose map§ énd dose rate tables
generated by the combuter code "PATHRAE-T for both truck énd rail casks.
The near field maps and tab1es, which. cover. the distance from 0 to
15 meters,"brovide dose rate values at 0.2 meter (rédia]]y) and 0.1 meter
(axia]ly) 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 i mefer (axially} intervals for the
truck cask (see Figure A-2 and Table A-3) and the rail ctask (see Figure A-4
and Table A-5). |

Sinée the horizontal radiation field around the cask is assumed to be
symmetric, only a !single quadrant 1is shown 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 dosé rates as
functions of. increasing radial distance perpendicular to the axis of the
cask. The orientation of the cask and truck and rail transporters is the
same as that shown in Figures 2-2 and 2-3 in Chapter 2 of this report.

A 1egend at the bottom of each figure provides a key to thé 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 micrprem per minute.

Observe that the letter "A" represents the 160 to 170 microrem per minute
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dose rate. This corresponds to about 10 mrem per'hour which is the DOT.
requirement imposed at the 2 meter boundary from the pefsonne] bérrier of
the cask. | | '

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

tables given in this appendix.




LF)

f(n)

Parameter Truck Cask
effective line source length (m) : 4.50
effective line source strength for 5168

"TABLE A-1

DATA SET FOR RADIATION DOSE CALCULATIONS
FOR SPENT FUEL TRUCK AND RAIL CASKS

gamma radiation (urem - m/min)

minimum. radius to 10 mrem/hr b

(m)

(10 mrem/hr) at regulatory
boundary due to neutrons

oundary 3.5

effective air attenuation 0.00924
coefficient (1/m) _
effective ground attenuation 12.4
coefficient (1/m)
effective height of line source (m) 2.00
effective height of dose measurement 1.00
point (m) :
= fraction of limit dose rate 0.65
(10 mrem/hr) at regulatory
boundary due to gamma radiation
= fraction of limit dose rate 0.35

A-4

Rail Cask

4.50
6867

3.6

0.00924

12.4
2.00

1.00

0.50 -

0.50




TABLE A-2

NEAR FIELD RADIATION DOSE RATE TABLE

FOR SPENT FUEL TRUCK CASK
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NOTE :
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TABLE A-3

FAR FIELD RADIATION ISODOSE RATE TABLE

FOR SPENT FUEL TRUCK CASK
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TABLE A-4
FOR SPENT FUEL RAIL CASK

NEAR FIELD RADIATION DOSE RATE TABLE
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[} 900-] 000 A 160-170 X 80-83 ' 30-33
1 700-000 [} 150-160 L 75-80 v 25-30
2 600-700 4 140-150 [ 70-73 [} 2025
3 30¢-600. D 1%-140 N 65-70 X 15-20
4 400-500 E 120-130 0 6063 1 10-15
3 IN-4 3 110-120 ? 33-60 1 5-10
] 00-3% [ 100-110 '] X-35 i '.32 5
? 330-3040 ] 95-100 1 45-% - <.
(1 200-230 1 %-99 S 40-45

T 17020 i 85-% M 35-40

FIGURE A-1. NEAR FIELD RADIATION ISODOSE MAP FOR
SPENT FUEL TRUCK CASK
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FIGURE A-4. FAR FIELD RADIATION ISODOSE MAP FOR
SPENT FUEL RAIL CASK
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APPENDIX B

EXAMPLE USE OF PATHRAE-T
" TO CALCULATE RADIATION EXPOSURES FROM AN ACCIDENT

PATHRAE-T has been deve]opéd to estimate radiation doses associated
with the transportation of radiocactive materials. A complete description
'of the models, methodology, transport pathways considered, and operation

are detailed in Reference ;1. 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 for the runs that prqduced the estimates of
maximum individual and population doses from rail cask accidents

described in Section 3.3.3,
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kkkxakkkkk PATHRAE INFUT SUAMARY AkAkAkkkxA

THERE ARE 45 ISOTQPES IN THE DOSE FACTOR LIBRARY
THE CUTOEF VALUE FOk NUCLIDE RALF LIVES IS

0.0 YEARS
NEFAULT INVENTORY VALUE FOK CUTOEE NULLIDEb IS 0.00E-01 CI

NUMEER OF TIHMES FOR CALCULATION IS 1
YEARS I0 EE CALCULATED AKE ...

1.00
THERE AKE 8 ISOTOFES IN THE INVENTORY FILE
THE VALUE OF IFLAG IS 1
NUREER OF PATHWA(S IS 1 _
PATHUAY - TYFE OF USAGE

. FOR UPTAKE EACTORS

10 ATHOSPHERIC TRANSPORT 0
TIME OF OPERATION OF WASTE FACILITY IN YEARS

FLDU KATE DF KIOEK (CURIC RETERS/YEAK)
DISTANCE T0 RIVEK (METERS)

0.
4.50E+08
000.

DENSITY OF AQUIEEK (KG/CUBIC METER) 1700. :
LONGITUDINAL DISPERSIVITY (M) "1.00E-05
.LATERAL DISPERSION COEFEICIENT (MaA2/YK) 0.00E-01
NUMBEK OF MESH POINTS EOK DISPEKSION CALCULATION 1
FLAG EOK GAMMA BATHWAY OPTIONS 0
FLAG FOR ATHOSPHERIC PATHWAY 0
DISTANCE TO WELL -- X COOKDINATE (METERS) 50.
DISTANCE T0 WELL -- Y COOKIINATE (METERS) 0.
DENSITY OF WASTE (Ki3/MkA3) 1600.
ERACTION OF EOOD CONSUMED THAT IS GROWN ON SITE 0.500
FRACTION OF YEAR SPENT IN DIRECT RADIATION EIELD ©0.000
IEPTH OF PLANT ROOT ZONE (METERS) 1.000
AREAL DENSITY OF PLANTS (KG/HAX2) 0.000
AVEKABE DUST LOADING IN AIR (KG/HA%2) 5. 00E~07
ANNUAL ATULT BREATHING KATE (MAX3/YR) - " 8000
ERACTION OF YEAK EXPOSEL 10 [UST 0.000
CANISTER LIEETIME (YEAKS) 0.
INVENTGRY SCAL ING FACTOR 1.00E+00
ATHOSPHERIC STARILITY CLASS 4
AVERAGE WIND SPEEL (M/S) 0.30
EKACTION OF TIME WIND KLOUS TOWAKD KECEPTOK 1.0000
RECEPTOK DISTANCE FOK ATHOSPHEKIC PATHWAY (M) 100.0
ACCIDENT SCENARIO FOR ATHOSPHERIC, RELEASE
DUST KESUSFENSION KATE FOK OFFSITE TRANSFORT (Rikk3/S) 3.18E-10
DEPOSITION VELOCITY (M/S) 0.0100
STACK HEIGHT (M) 0.6
STACK INGIDE DIAWETER (H) 040
STACK GAS VELOCITY (M/S) 1.5
DECAY CHAIN FLAGS 0 0 0 0
ELAG FOR INPUT SUMMARY PRINTOUT 1
FLAG EOK DIKECTION OF TRENCH EILLING 0
ELAG EOk GKOUNDWATEK PATHWAY OFTIONS 0
AHOUNT OF WATEK PERCOLATING THKOUGH WASTE ANNUALLY (HETERS) 0.10
HOK IZONTAL VELOCITY OF AQUIEEK (KETERS/YR) 1.0
POROSITY OF AGUIFER 0.10
DISTANCE EKOM AQUIFEK TO WASTE (METEKS) 10.0
AVERAGE VERTICAL GROUNIWATEK VELOCITY (M/YR) 1.0
MIXING THICKNESS OF AGUIFEK (METERS) 10,000
SUREACE EROSION KATE (M/YK) " 1.000E-04
_ NUCLIIE INGESTION INHALATION  DIKECT BANHA CLOUD §
- NUKEEK  NAME NOSE FACTORS  DOSE FACTORS  DOSE FACTOKS 1GSE FACTORG
(KREM/PCI) . (MREM/PCI) (MKEM-MAA2/PCI-HK) (HKEM-MAA3/PCI-YR)
4 C0-60 2.500E-05 3.500E-04 2.900E~08 1.450E-02
7 KR-85 0-000E-01 0.000E-01 2.B90E~11 1330508
8 Sk-90 1.300E-04 2.200E-03 8.530E~09 5.550E-10
15 1-129 2.700E-04 1.600E-04 2.930E~10 4.850E-05
17 (s-137 4.600E-05 2.900E-05 7 .380E~09 3.250E~03
31 Fu-239 4.300E-04 5.700E-01 4.110E~12 4.350E-07
a2 RU-106 2.100E-05 8.100E-04 2.570E~05 1.130£-03
44 CS-134 6.700E-05 4.100E-05 1.910E-~08 §.470E~03
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PATHWAY 10
ATHOSPHERIC TRANSPORT

INDIVIDUAL AT DISTANCE OF MAXIMUM CONCENTRATION, 70.70 METERS

kAkkx DOSES FOK HLW KAIL CASK ACCIDENT SCENAKIO WITH IMPACT kAAAA

INDIVIDUAL (MREM) FPOFPULATION (MAN-REM)
: PLUKE GROUNTDI PLUHME GROUND  DRINKING
~ INHALATION GAMMA GAMMA DUST INHALATION GAHMMA GANMA WATEK
4 C0-60 1.77E+02 1.01E+01 1.16E+01 1.10E-04 3.06E+00 3.17E-01 1.10E+02 1.81E+02
7 KKk-85 “0.00E-01 $.435E-01 7.33E-01 0.00E-0l 0.00E-01 1.71E-02 6.95E+00 0.00E-01
8 Sk-90 $.78E-01 2.00E-10 1.76E-03 3.57E-07 9.98E-03 6.28E-12 1.67E-02 4.88E-01
15 1-129 2.15E-08 6.95E-12 3.09E-11 1.33E-14 3.71E-10 2.80E-13 2.93E-10 5.17E-07
17 Cs-137 1.12E-02 1.73E-03 2.24E-03 6.91E-09 1.93E-04 S5.41E-05 2.12E-02 2.54E-01
31 PU-239 1.03E+400 1.06E-09 95.B4E-09 6.3BE-07 1.78E-02 3.31E-11 5.54E-08 1.11E-032
42 RU-106 5.81E-02 1.12E-04 1.45E-04 3.59E-08 1.00E-03 3.50E-06 1.3BE-03 2.1SE-02
134 Lg5-134 4.95E-03 1.41E-03 1.B82E-03 3.0GE-09 B.53E-05 4.41E-00 1.72E-02 .1.16E-01
ALS:
8 1.7984+02 1.07E+01 1.23E+01 1.11E-04 3.09E+00 3.34E-01 1.17E+02 .82

NUCLIDE NUMBEK,NAME,HALELIFE,AND INVENTQRY (Cli

(TIHES IN YEAERS) HALFLIEE
C0-60 0

J.-a E+00 8.06E+00

7 KK-85 1.07E+01 G5.12E+02

8 §Sk-90 2.86E+01 4.17E-03

15 1-129 1.70E+07 2.13E-09
17 Cs-137 3.01E+01 6.13E-03
31 PU-239 2.42E404 2.87E-00
42 . RU-106 1.01E+00 1.14E-03
44 (S-134 2.06E+00 1.92E-03
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FATHWAY 10
ATMOSPHEKIC TRANSPORT

INDIVIDUAL AT DISTANCE OF MAXIMUM CONCENTRAIION, 70.70 HMETEKRS

kxkix DOSES FOR HLW RAIL CASK ACCIDENT SCENAKID WITH IMPACT - BURST kkkkk

INDIVIDUAL (HKEM) FPOPULATTION (MAN-KENM)

P PLUME GROUND . ' PLUME GROUND  DRINKING

INHALATION GAMMA GANMMA DUST INHALATION GAMHA GAMMA WATEK
4 C0-60 _1.77E+02  1.01E+01 1.1GE+01 1.10E-04 3.06E+00 3.17E-01 1.10E+02 1.81E+02
© 7 KR-89 0.00E~01 4.G4E+00 6.24E+00 0.00E-Q1} 0.00E-01 1.46E-01 S5.92E+01 0.00E-01
8- Sk-90 S.32E+01 1.82E-08 1.G60OE-01 3.29E-05 9.18E-01 5.71E-10 1.52E+00 4.43E+0l
1S I-129 1.37E-02 2.86E-07 9.89E-07 8.48E-09 2.37E-04 B.98E-09 9.38E-06 1.66E-02
17 CS-137 4.01E+03 3.10E+01 4.02E+0]1 2.48E-03 6.93E+01 9.70E-01 3.81E+02 4.SSE+03
31 PU-239 9.47E+01 9.61E-08 §,31E-07 5.83E-05 1.63E+00 3.01E-09 S5.04E-06 1.01E+00
42 ERU-106 9.34E+00 1,03E-02 1.32E-02 3.30E-0G 9.22E-02 3.19E-04 1.20E-01 1.9GE+00
TBTAL%S-134 1.78E403 2.54E+01 3.27E+01 1.10E-03 3.08E+0] 7.9SE-01 3.10E+02 2.09E+03
6.13E+03 7,11E+01 9.09E+01 3.79E-03 1.06E402 2.23E+00 6.62E+02 6.87E+03

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

(IIHES IN YEARS) HALELIFE

€0-60 .  S.2SE+00 8.0GE+00
7 KE-85 1.07E+01 4.36E+03
8 SK-90 2.8GE+01 3.79E-01
15 I-129 1.70E+07 6.82E-05 .,
17 Cs-137 3.01E+01 1,10E+02
31 PU-239 2.42E+04 3.61E-03
42 KU-106 1.01E+00 1.04E-0Ql
44 (S-134 2.06E+00 3.46E+01
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b PATHWAY 10
5 ATHASFHERIC TRANSPOKT

INDIVIDUAL AT DISTANCE OF ﬁAXIHUH.CDNCENTRATION, 70,70 METEKS

Akkkx DOSES FOR HLW RAIL CASK ACCIDENT SCENARID WITH IMPACT - BURST - OXIDATION ki

INDIVIDUAL (MKEM .FOFULATION (HAN-KEN)
' PLUNME GROUND PLURE GROUND  DRINKING
i INHALATION GAMHA GAMRhA busT INHALATION GAMHA GANRA WATER
" . 4 C0-60 1.77E+02 1.01E+01 1.16E+01 1.10E-04 3.0GE+00 3.17E-01 1.10E+02 1:B1E+02
¥ 7 Kk-83 0.00E-01 5.09E+00 6.B84E+00 0.00E-0] 0.00E-0] 1.60E-01 6.49E+0d 0.00E-0)
< 8 SKk-90 S5.32E+01 1.82E-08 1.6QE-01 3.29E-05 9.1BE~01 S.71E-10 1.52E+00 4.43E+01
o . i5 I-129 2.23E-02 "3.85E-06 1.33E-05 1,38E-08 3.85E-04 1.21E-07 1.26E-04 2.32E-01
17 €£5-137 9.81E+03 2.93E+02 3.80E+02 3.59E-03 1.00E+02 9.17E+00 3.GOE+Q3 4.30E+04
31 PU-239 9.47E+01 9.61E-08 5.31E-07 5.BIE-05 1.63E+00 3.01E-09 §.04E-06 1.01E+00
42 RkU-106 2.44E+02 4.57E-01 5.94E-01 1.51E-04 4.21E+00 1.43E-02 S.63E+00 8.B2E+01
64 CS-134 2.57B+03 2.39E+02 3.08E+02 1.59E-03 4.44E+01 7.49E+00 2.92E+03 1.96E+04
TOTALS: .
8 8.95E+03 5.47E+02 7.07E+02 5,53E-03 1.54E+02 1.72E+01 6.71E+03 6.30E+04
NUCLIDE NUHMBEK,NAME,HALELIFE,AND INVENTORY (CI)
’ ‘ ' (TIMES IN YEAKS) HALELIFE
. . 4 C0-60 5.25E+00 8.0GE+00
7 KR-85 1.07E+01 4.78E+03
8 Sk-90 2.86E+01 3.79E-01
15 1-129 1.70E+07 9.16E-04
17 Cs-137 3.01E+01 1.04E+03
a1 PU-239 2.42E+04 2.61E-03
42 RU-106 1,01E+00 4.G7E+00
44 (CS-134 2.06E+00 3.26E+02
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