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ABSTRACT 
Evacuation, sheltering followed by population relocation, 

and iodine prophylaxis are evaluated as offsite public protec
tive measures in response to potential nuclear reactor accidents 
involving core-melt. Evaluations were conducted using a modified 
version of the Reactor Safety Study consequence model. Models 
representing each protective measure were developed and are dis
cussed. Potential PWR core-melt radioactive material releases 
are separated into two categories, "Melt-through" and "Atmos
pheric," based upon the mode of containment failure. Protec
tive measures are examined and compared for each category in 
terms of projected doses to the whole body and thyroid. Mea
sures for "Atmospheric" accidents are also examined in terms 
of their influence on the occurrence of public health effects. 

I. INTRODUCTION 
The Reactor Safety Study (RSS) [1,2] concluded that the 

public risk from potential nuclear reactor accidents is domi
nated dominated by those that involve core-melt. Effective 
mitigation of the public impact of such a potential accident 
would require the timely implementation of appropriate 
offsite response actions. The design of appropriate res
ponse actions, however, demands some knowledge of the 
relative merits of measures* available for the protection 
of the public, the distances to which (or areas within 
which) they might be needed, and the time available for 
their implementation. In order to provide such information, 
a study [3] was undertaken to evaluate, in terms of public 
radiation exposure and health effects, the relative merits 
of possible offsite emergency protective measures. Evaluations 
of such measures were conducted using the consequence model of 

•Protective "measures" and "actions" are used interchange
ably in this paper. 
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the RSS, with some modification for the modeling of protective 
actions. This paper briefly describes the methodology used in 
performing that analysis, and presents the major observations 
and conclusions obtained. 

Three emergency public protective measures were examined 
and compared: evacuation, sheltering followed by population 
relocation, and iodine prophylaxis. .-Evacuation, which is an 
expeditious movement of the near-site population to avoid exposure 
to the passing cloud, J.S currently given considerable attention 
as the immediate protective measure in most-'-radiological emergency 
planning within the United States. However several studies [4,5] 
suggest that under some circumstances shelt. ring followed by the 
selective relocation of affected persons might be a preferable 
alternative to immediate evacuation. Evidence [6] also indicates 
the potential benefits of iodine prophylaxis, i.e., reduced 
thyroid dose and subsequent health effects, if it is administered 
either prior to or shortly after exposure to airborne radioiodines. 

II. APPROACH 
Potential core-melt accidents, depending on'the particular 

accident, could result in radioactive material releases with a 
wide range of magnitudes, compositions, and timiings for which 
the relative effectiveness of various emergency response actions 
might vary substantially. Therefore, for the planning of res
ponse actions, some estimate is required of what information 
about a projected release would be available to authorities 
responsible for decision making at the time of the emergency. 
The RSS divided the spectrum of potential core-melt accidents 
into seven release categories for pressurized water reactors 
(PWR) and four for boiling water reactors (BWR). However, be
cause there is an incomplete understanding of the physical pro-
cessess associated with core-melt and any resultant release of 
radioactive material to the environment, there is a large 
degree of uncertainty and overlap in these categories. It is 
therefore unlikely that a particular accident progression could 
easily be categorized at the time of an accident as a PWR 4, 
for instance, rather than a PWR 3 or 5. Nevertheless, there 
are several potential sources of information which could quickly 
provide some indication of the severity of a release shortly 
before or after it occurs. These sources include in-plant 
monitoring devices for temperature, pressure and radioactivity, 
safety systems instrumentation, and site (outside containment) 
radiation surveys and fixed monitoring devices. With these 
considerations in mind, PWR core-melt accidents were separated 
into two categories, "Melt-through" and "Atmospheric," based on 
the predicted mode of containment failure. Protective measures 
wera examined for each of these categories. The "Melt-through" 
category includes RSS categories PWR 6 and 7, which are domi
nated by potential accident sequences in which the molten core 
melts through the concrete containment base mat, and the 
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radioactive materials are released through the ground. Hie 
"Atmospheric" category, on the other hand, includes RSS accident 
categories PHR 1 through 5 in which containment failure would 
occur directly to the atmosphere. Although BWR accidents were 
not dealt with specifically in this work, the information and 
conclusions presented for PWRs are applicable for BWRs as well, 
given a similar containment failure mode. 

Potential radioactive material release characteristics 
are strongly influenced by the containment failure mode. "Melt-
through" accidents (PWR 6 and 7) have a relatively long time 
interval between the initiation of the accident and the start 
of release (10-12 hours), long "continuous" release durations 
(10 hours), and relatively small fractions of core radionuclide 
inventories released [1]. In contrast, "Atmospheric" accidents 
(PWR 1-5) have short time intervals between the initiation 
of the accident and the start of release (2-5 hours), short 
"puff" release durations (0.5-4 hours), and larger release 
fractions of core radionuclide inventories [1]. Summing the 
appropriate RSS probabilities suggests probabilities of 
4.6 x 10 5 and 1.4 x 10~5 per reactor-year for "Melt-through" 
and "Atmospheric" accidents, respectively. Although a signi
ficant degree of uncertainty is associated with these numbers, 
they do suggest that the likelihoods of the two categories 
defined here are roughly comparable. » 

As part of this study, models representing each protective 
measure were developed for use in the RSS consequence model. 
Representative ranges for the important physical and timing 
parameters of these models were established and used to evaluate 
each measure. In order to apply the results of this study to a 
specific site, authorities responsible for emergency response 
planning would have to determine the approximate parameter 
values within these ranges that would be appropriate for their 
particular location. 

The potential of sheltering and relocation strategies for 
limiting dose from exposure to radiation from airborne and sur
face deposited radionuclides is discussed in reference [7] , which 
presents shielding factor* estimates for specific building types. 
The estimates indicate (1) the wide range of protection afforded 
by normally inhabited structures, and (2) that basements of any 
kind offer very effective shielding against external penetrating 
radiation from ground contamination. Therefore, the effective
ness of sheltering would depend to a large extent en the type of 
structures inhabited and the degree to which basements are avail
able and utilized. Average shielding factors were calculated 

*The shielding provided by a structure against external pen-
trating radiation from airborne or surface deposited 
radionuclides is expressed in terms of a shielding factor 
(SP) which is the ratio of the dose received inside the 
structure to the dose that would be received outside the 
structure. The lower the SF, the greater the protection. 
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which account for regional differences in the frequency of brick 
and wood homes and of homes with basements, and temporal differ
ences in building occupancy. Sheltering in regions such as the 
Northeast, where a large fraction of homes have basements, offers 
the greatest protection, and is represented by average shielding 
factors of 0.5 and 0.08 for airborne and ground deposited radio
nuclides, respectively. Sheltering in areas where most homes do 
not have basements (i.e., Southwest i Pacific Coast) offers the 
least protection, and-is characteri^f-u by corresponding average 
shielding factors of 0.75 and O.3.. 

To estimate the potential effen . -ss of sheltering in 
reducing the quantity of radionuclides inhaled, a multicompart
ment ventilation model was developed for the calculation of air
borne radioactive material concentrations inside of structures 
[6]. Using "best estimate" values for all parameters, the model 
indicates that sheltered individuals would inhale roughly 35 
percent less radioactive material than if they were outside during 
the passage of the cloud. Larger reductions would be possible 
if the ventilation rate (air Jurnover rate) could be reduced 
either by tighter building construction or by the sealing of 
openings in the structure. Further analysis indicated that the 
strategy of opening doors and windows, turning on ventilating 
systems, etc., in an attempt to "air-out" the structure after 
the cloud of radioactive material has passed would most likely 
not contribute significantly to reducing the amount of inhaled 
radionuclides unless very low ventilation rates are achieved 
during cloud passage. 

Sheltering effectiveness was evaluated using the range of 
average shielding factors described above. Sheltering of the 
public was assumed to be completed prior to the arrival of the 
cloud of radioactive material, and persons were assumed to remain^ 
sheltered until relocated. In an actual accident situation, 
sheltered individuals might be exposed to ground contamination 
while sheltered and while being relocated. However, to simplify 
this analysis, exposure to ground contamination was presented 
in terms of effective exposure durations assumed to occur only 
while sheltered. For example, an effective exposure time of 
6 hours while sheltered (with SF for ground contamination = 0.2) 
might, in fact, be due to 4 hours of exposure while sheltered 
(with SF = 0.2) and 1/2 hour exposure while relocating (with 
SF = 0.8). Because some exposure would be received while 
relocating (with little shielding), and it would take some time 
to determine affected areas and initiate a relocation, 6 hours 

*Note that the use of average shielding factors for the 
assessment of radiological consequences results in the 
assignment of average doses to all individuals within a 
given area rather than the distribution of doses that would 
actually occur due to the variation in shielding protection 
afforded individuals. The adequacy of this simplification 
is discussed in reference [7]. 
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was chosen as a practical lower limit for effective exposure 
time. 

The modeling of public evacuation as a protective measure 
for reactor accidents is discussed in reference [9]. A simple 
evacuation model, based upon a statistical analysis of evacua
tion data gathered by the U.S. Environmental Protection Agency 
(EPA) [10] , was included in the RSS consequence model for use in 
the estimation of public risk from reactor accidents. However, 
for reasons which are discussed in reference [9], that model is 
inappropriate for use in evaluating evacuation as a radiological 
emergency-response. Therefore, a revised model of public evacua
tion was developed for this purpose. The revised treatment 
incorporates a delay time before public movement, followed by 
evacuation radially away from the reactor at a higher constant 
speed than previously assumed in the RSS evacuation model. Both 
the delay time and evacuation speed are required as input to 
the model, and different shielding factors are allowed while 
persons are stationary and in transit, AS detailed in reference 
[9], the revised model also calculates more realistic exposure 
durations to airborne and ground deposited radionuclides than 
the RSS evacuation model. Persons within the designated evacua
tion area are assumed to move as a group with the same delay 
time and speed, and all people in the area are assumed to eva
cuate. This latter assumption results in upper*bound estimates 
of evacuation effectivenss, given a specific delay time and 
speed. 

The evacuation data gathered by the EPA contains sufficient 
information for the estimation of delay times before evacuation 
if a specific speed while evacuating is assumed. Transit speeds 
of 10 miles per hour and greater have been recorded during actual 
evacuation events [9], and do seem reasonable given the low popu
lation density surrounding reactor sites. Therefore, the speed of 
evacuation was assumed to be a constant 10 miles per hour through
out this analysis. The EPA data was analyzed to estimate repre
sentative evacuation delay times. The mean delay time was shown 
to be approximately 3 hours, and the 15*-85 percent level range 
of delays was shown to be approximately 1 to 5 hours. 

To evaluate the effectiveness of iodine prophylaxis, reduc
tion factors were applied to the thyroid dose from inhaled radio-
iodines. For example, if stable iodine was administered shortly 
before or immediately after the release of radioactive material 
begins, reduction factors of 0.01 or less might be appropriate 
(99% or greater dose reductions) [6]. The dose to the thyroid 
from external radiation sources, radioiodines in organs other 
than the thyroid, and other inhaled radionuclides are unaffected 
by these factors. 

*15% of evacuations for which data is available had estimated 
delay times of approximately 1 hour or less. 
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III. RESULTS AND CONCLUSIONS 
Protective Action Guides (PAGs)* have been proposed by 

the EPA for whole body and thyroid exposure to airborne releases 
of radioactive material [11]. Therefore, protective measures for 
both rMelt-through" and "Atmospheric" accidents were evaluated 
in terms of expected doses to those organs. Because of the more 
severe hazard posed by accidents in the "Atmospheric" category, 
protective measures for that type of release were also examined 
in terras of their influence on the occurrence of early public 
health effects such as injuries and fatalities. Only the most 
important^results and conclusions from the study are included 
in this paper. 

1. "Melt-through" Accidents 
Projected doses for "Melt-through" accidents are generally 

low compared to threshold levels for early health effects, and 
few, if any, early fatalities or injuries are likely. Emergency 
response planning and actions for this type of accident should 
therefore be primarily directed towards limiting the dose to 
those individuals located in areas where PAGs will be, or are 
likely to be, exceeded. Figure 1 shows the probabilities of 
exceeding thyroid and whole body PAGs versus distance from the 
reactor, conditional on the occurrence of a "Melt-through" 
release. The probabilities are calculated for*an individual 
located outdoors, and are presented for both lower and upper PAG 
levels for each organ. It is evident from these results 
that, for all pracx_al purposes, projected doses in excess of 
PAGs are confined to areas within 10 miles of the reactor for 
this type of accident, and in most cases, to areas considerably 
smaller. 

For persons at any distance, evacuation, even with delay 
times of 5 hours or longer, was shown to provide larger reduc
tions in whole body dose than sheltering. This is due, in large 
part, to the fact that the release duration assumed for "Melt-
through" accidents is very long (10 hours), and that evacnted 
persons will therefore avoid exposure to a significant pr .tion 
of the cloud, even with a relatively long delay time, r wever, 
sheltering, particularly in areas where most homes hav basements, 
also offers substantial reductions in whole body dose, and might 

*A PAG is defined as the "projected" dose to an individual 
in the general public which warrants the initiation of emer
gency protective actions. The "projected dose" is defined 
by the EPA as the dose that would be received within a few 
days following the release if no protective actions are 
taken. PAG's range from 1 to 5 rem for whole body exposure 
and from 5 to 25 rem for projected dose to the thyroid. 
?he lower value of these ranges should be used if there 
are no major local constraints to providing protection at 
that level. However, in no case should the higher value 
be execeeded in determining the need for protective action. 
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be an acceptable alternative to evacuation. Iodine prophylaxis, 
if administered in sufficient time, and evacuation with small 
delay times both offer substantial reductions in the projected 
dose to the thyroid for "Melt-through" accidents. 

2. "Atmospheric" Accidents 
In contrast to accidents in the.-"Melt-through" category, 

"Atmospheric" accidents are more likely to result in radiation 
doses to individuals downwind in excess of threshold levels for 
early health effects. The probabilities of exceeding thyroid and 
whole body PAGs, conditional on this type of release, are shown 
in Figure 2 as a function of distance from the reactor. Again, 
the probabilities are calculated for a person located outdoors 
and are displayed for both the lower and upper PAG levels for 
each organ. The figure indicates that both whole body and 
thyroid PAGs are likely to be exceeded at very large distances* 
from the reactor (and correspondingly over very large areas) if 
an "Atmospheric" accident were to occur. Doses in excess of 
threshold levels for early health effects are confined to smaller 
areas much closer to the reactor. Therefore, in the unlikely 
event that an accident of this magnitude were to occur, respon
sible authorities might noose to direct their available resources 
towards limiting the life- and injury-threatening doses to indi
viduals in those closer areas. Then, if sufficient resources are 
available, protective measures might also be implemented for 
individuals at larger distances for whom PAGs are, or are likely 
to be, exceeded. 

Mean** numbers of projected early fatalities and injuries 
within selected radial intervals, conditional on an "Atmospheric" 
release, are compared for evacuation and sheltering strategies 
in Figures 3 and 4. Seven strategies are included, as defined 
in the key to these figures. Strategy 1 assumes that no imme
diate protective actions are taken. 2, 3 and 4 are selected 
sheltering strategies. Strategies 3 and 4 represent sheltering 
for regions in which a large fraction of homes have basements. 
Effective exposure durations to ground contamination for these 
two strategies are 1 day and 6 hours, respectively. Strategy 2 
represents sheltering for regions in which most homes do not 

•Caution must be used in interpreting the large distances 
indicated. The RSS consequence model assumes an invariant 
wind direction following the release of radioactive material. 
However, because of the time required by the cloud to travel 
large distances, it is likely that the wind direction will, 
in fact, shift and that the predicted dose levels would not 
be observed at the reported radial distance. Rather, the 
distance applies more closely to the trajectory of the 
released cloud. 

**91 stratified weather sequences were used to calculate a 
frequency distribution of early public health effects. 
The mean refers to that distribution [1,31. 
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have basements, with 6 hours of effective exposure to ground 
contamination. Strategies 5, 6 and 7 represent evacuation with 
5, 3 and 1 hours of delay time, respectively. The results pre
sented in Figures 3 and 4 assume a uniform population density 
of 100 persons per square mile. The corresponding number of 
projected early fatalities and injuries for any particular site 
would depend on the actual population distribution surrounding 
the site. Nevertheless, the relative comparison of numbers for 
the strategies indicated is nearly independent of the population 
distribution within a given interval, and the observations made 
here should be appropriate regardless of the population at a 
specific site. 

Several important observations can be drawn from the results 
presented in Figures 3 and 4. Most early fatalities resulting 
from "Atmospheric" accidents are projected to occur within 
approximately 10 miles of the reactor, while early injuries are 
likely out to somewhat larger distances.* Within 5 miles of the 
reactor, evacuation appears to be more effective in reducing the 
number of early health effects than sheltering, as long as the 
delay time and nonparticipating segment of the population are 
kept sufficiently small. This distinction is not as apparent 
in the 5 to 10 mile interval. Throughout both of the intervals 
from 0 to 10 miles, the importance of a rapid and efficient 
implementation of either evacuation or sheltering is evident 
(small delay times for evacuation, small ground exposure times 
for sheltering). Note that evacuation with delay times of 1 hour 
or less will reduce the projected number of early public health 
effects to roughly 0 in any radial interval, and will always be 
the most effective response measure for a severe accident, if it 
can be achieved. In the intervals beyond 10 miles, there is 
little apparent distinction between the effectiveness of evacua
tion and sheltering strategies in terms of projected early fata
lities or injuries. The mean number of early fatalities is 0 in 
both of these intervals, and projected early injuries, although 
not 0, are greatly reduced for each of the protective strategies 
investigated. In general, therefore, although protective actions 
may be required for areas outside of 10 miles, the occurrence of 
early health effects will be little affected by the actual mea
sures used and how rapidly or efficiently they are implemented. 

Finally, to evaluate the efficacy of iodine prophylaxis 
as a protective measure for "Atmospheric" accidents, the total 
number of thyroid nodulas (benign and malignant) resulting from 
early exposure of the thyroid was also estimated. Assuming a 
uniform population density of 100 persons per square mile, the 
mean total number of thyroid nodules would be approximately 
4000 if no immediate protective actions were implemented. Of 
•Projected earTy fatalities and injuries in the 15 to 25 
mile interval are higher than for the 10-15 mile interval 
because the interval is twice as wide. 
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these, only roughly 25 percent would occur within 25 miles of 
the reactor (7 percent within 10 miles). The remaining nodules 
would be distributed approximately as follows: 20 percent between 
25 and 50 miles, 25 percent between 50 and 100 miles, and 30 per
cent at distances greater than 100 miles. Therefore, unless 
iodine prophylaxis was administered over very large areas (dis
tances), and correspondingly to very-large numbers of people, 
the total number of thyroid nodules expected for this type of 
accident would not be-substantially reduced. 

IV. SUMMARY 
Several important conclusions were drawn about the relative 

effectiveness of possible public protective measures for response 
to nuclei: reactor accidents involving core-melt, the distances 
to which or areas within which they might be needed, and the 
time available for their implementation. For "Melt-through" 
accidents, few, if any, early public health effects are likely, 
and doses in excess of PAGs are "confined" to areas within 10 
miles of the reactor. Evacuation appears to provide the largest 
reduction in whole body dose for this category, although shel
tering, particularly when basements are readily available, might 
be an acceptable alternative. For "Atmospheric" accidents, PAGs 
are likely to be exceeded at very large distances, and signifi
cant numbers of early public health effects are possible. How
ever, most early fatalities occur within 10 miles of the reactor. 
Within 5 miles, evacuation appears to be more effective than 
sheltering in reducing the number of early health effects. 
Beyond 5 miles, this distinction is less, or not, apparent. 
Within 10 miles, early health effects are strongly influenced 
by the speed and efficienty with which protective measures are 
implemented, whereas outside of 10 miles, they are not. 

The conclusions presented are useful as guidance for the 
planning of protective measures in response to potential core-
melt accidents. However,, appropriate protective measures can 
not be determined solely on the basis of potential dose or 
consequence reductions. The specific response planned should 
be a function of local population locations with respect to 
available roads, means of communication, etc. and the measures 
actually implemented should depend on the type of accident, the 
resources available for the implementation of the measures, the 
public risk that their implementation could entail, and any 
other local constraints at the time of the accident such as 
weather conditions. We believe that the information presented 
in this paper, when coupled with these latter consideration--, 
provides a substantially improved basis for the design of appro
priate emergency response actions. 
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the RSS, with some modification for the modeling of protective 
actions. This paper briefly describes the methodology used in 
performing that analysis, and presents the major observations 
and conclusions obtained. 

Three emergency public protective measures were examined 
and compared: evacuation, sheltering followed by population 
relocation, and iodine prophylaxis. Evacuation, which is an 
expeditious movement of the near-site population to avoid exposure 
to the passing cloud, is currently given considerable attention 
as the immediate protective measure in most radiological emergency 
planning within the United States. However, several studies [4,5] 
suggest that under some circumstances sheltering followed by the 
selective relocation of affected persons might be a preferable 
alternative to immediate evacuation. Evidence [6] also indicates 
the potential benefits of iodine prophylaxis, i.e., reduced 
thyroid dose and subsequent health effects, if it is administered 
either prior to or shortly after exposure to airborne radioiodines. 

II. APPROACH 
I 

Potential core-melt accidents, depending on the particular 
accident, could result in radioactive material releases with a 
wide range of magnitudes, compositions, and tilings for which 
the relative effectiveness of various emergency response actions 
might vary substantially. Therefore, for the planning of res
ponse actions, some estimate is required of what information 
about a projected release would be available to authorities 
responsible for decision making at the time of the emergency. 
The RSS divided the spectrum of potential core-melt accidents 
into seven release categories for pressurized water reactors 
(PWR) and four for boiling water reactors (BWR). However, be
cause there is an incomplete understanding of the physical pro-
cessess associated with core-melt and any resultant release of 
radioactive material to the environment, there is a large 
degree of uncertainty and overlap in these categories. It is 
therefore unlikely that a particular accident progression could 
easily be categorized at the time of an accident as a PWR 4, 
for instance, rather than a PWR 3 or 5. Nevertheless, there 
are several potential sources of information which could quickly 
provide some indication of the severity of a release shortly 
before or after it occurs. These sources include in-plant 
monitoring devices for temperature, pressure and radioactivity, 
safety systems instrumentation, and site (outside containment) 
radiation surveys and fixed monitoring devices. With these 
considerations in mind, PWR core-melt accidents were separated 
into two categories, "Melt-through" and "Atmospheric," based on 
the predicted mode of containment failure. Protective measures 
were examined for each of these categories. The "Melt-through" 
category includes RSS categories PWR 6 and 7, which are domi
nated by potential accident sequences in which the molten core 
melts through the concrete containment base mat, and the 
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radioactive materials are released through the ground. The 
"Atmospheric" category, on the other hand, includes RSS accident 
categories PWR 1 through 5 in which containment failure would 
occur directly to the atmosphere. Although BWR accidents were 
not dealt with specifically in this work, the information and 
conclusions presented for PWRs are applicable for BWRs as well, 
given a similar containment failure mode. 

Potential radioactive material release characteristics 
are strongly influenced by the containment failure mode. "Melt-
through" accidents (PWR 6 and 7) have a relatively long time 
interval between the initiation of ths> accident and the start 
of release (10-12 hours), long "continuous" release durations 
(10 hours), and relatively small fractions of core radionuclide 
inventories released [1]. In contrast, "Atmospheric" accidents 
(PWR 1-5) have short time intervals between the initiation 
of the accident and the start of release (2-5 hours), short 
"puff" release durations (0.5-4 hours), and larger release 
fractions of core radionuclide inventories [1]. Summing the 
appropriate RSS probabilities suggests probabilities of 
4.6 x 10~5 and 1.4 x 10"6 per^reactor-year for "Melt-through" 
and "Atmospheric" accidents, respectively. Although a signi
ficant degree of uncertainty is associated with these numbers, 
they do suggest that the likelihoods of the two categories 
defined here are roughly comparable. 

As part of this study, models representing each protective 
measure were developed for use in the RSS consequence model. 
Representative ranges for the important physical and timing 
parameters of these models were established and used to evaluate 
each measure. In order to apply the results of this study to a 
specific site, authorities responsible for emergency response 
planning would have to determine the approximate parameter 
values within these ranges that would be appropriate for their 
particular location. " 

The potential of sheltering and relocation strategies for 
limiting dose from exposure to radiation from airborne and sur
face deposited radionuclides is discussed in reference [7], which 
presents shielding factor* estimates for specific building types. 
The estimates indicate (1) the wide range of protection afforded 
by normally inhabited structures, and (2) that basements of any 
kind offer very effective shielding against external penetrating 
radiation from ground contamination. Therefore, the effective
ness of sheltering would depend to a large extent on the type of 
structures inhabited and the degree to which basements are avail
able and utilized. Average shielding factors were calculated 

*The shielding provided by a structure against external pen-
trating radiation from airborne or surface deposited 
radionuclides is expressed in terms of a shielding factor 
(SF) which is the ratio of the dose received inside the 
structure to the dose that would be received outside the 
structure. The lower the SF, the greater the protection. 
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which account for regional differences in the frequency of brick 
and wood homes and of homes with basements, and temporal differ
ences in building occupancy. Sheltering in regions such as the 
Northeast, where a large fraction of homes have basements, offers 
the greatest protection, and is represented by average shielding 
factors of 0.5 and 0.08 for airborne and ground deposited radio
nuclides, respectively. Sheltering in areas where most homes do 
not have basements (i.e.. Southwest or Pacific Coast) offers the 
least protection, and is characterized by corresponding average 
shielding factors of 0.75 and 0.33.* 

To estimate the potential effectiveness of sheltering in 
reducing the quantity of radionuclides inhaled, a multicompart
ment ventilation model was developed for the calculation of air
borne radioactive material concentrations inside of structures 
[8]. using "best estimate" values for all parameters, the model 
indicates that sheltered individuals would inhale roughly 35 
percent less radioactive material than if they were outside during 
the passage of the cloud. Larger reductions would be possible 
if the ventilation rate (air turnover rate) could be reduced 
either by tighter building construction or by the sealing of 
openings in the structure. Further analysis indicated that the 
strategy of opening doors and windows, turning on ventilating 
systems, etc., in an attempt to ;"air-out" the structure after 
the cloud of radioactive material has passed would most likely 
not contribute significantly to reducing the amount of inhaled 
radionuclides unless very low ventilation rates are achieved 
during cloud passage. 

Sheltering effectiveness was evaluated using the range of 
average shielding factors described above. Sheltering of the 
public was assumed to be completed prior to the arrival of the 
cloud of radioactive material, and persons were assumed to remain 
sheltered until relocated. In an actual accident situation, 
sheltered individuals might be exposed to ground contamination 
while sheltered and while being relocated. However, to simplify 
this analysis, exposure to ground contamination was presented 
in terms of effective exposure durations assumed to occur only 
while sheltered. For example, an effective exposure time of 
6 hours while sheltered (with SF for ground contamination =0.2) 
might, in fact, be due to 4 hours of exposure while sheltered 
(with SF = 0.2) and 1/2 hour exposure while relocating (with 
SF = 0.8). Because some exposure would be received while 
relocating (with little shielding), and it would take some time 
to determine affected areas and initiate a relocation, 6 hours 

*Note that the use of average shielding factors for the 
assessment of radiological consequences results in the 
assignment of average doses to all individuals within a 
given area rather than the distribution of doses that would 
actually occur due to the variation in shielding protection 
afforded individuals. The adequacy of this simplification 
is discussed in reference [7]. 
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was chosen as a practical lower limit for effective exposure 
time. 

The modeling of public evacuation ac a protective measure 
for reactor accidents is discussed in reference [9]. A simple 
evacuation model, based upon a statistical analysis of evacua
tion data gathered by the U.S. Environmental Protection Agency 
(EPA) [10], was included in the RSS consequence model for use in 
the estimation of public risk from reactor accidents. However, 
for reasons which are-discussed in reference [9], that model is 
inappropriate for use in evaluating evacuation TS a radiological 
emergency response. Therefore, a revised model of public evacua
tion was developed for this purpose. The revised treatment 
incorporates a delay time before public movement, followed by 
evacuation radially away from the reactor at a higher constant 
speed than previously assumed in the RSS evacuation model. Both 
the delay time and evacuation speed are required as input to 
the model, and different shielding factors are allowed while 
persons are stationary and in transit. As detailed in reference 
[9], the revised model also calculates more realistic exposure 
durations to airborne and ground deposited radionuclides than 
the RSS evacuation model. Persons within the designated evacua
tion area are assumed to move as a group with the same delay 
time and speed, and all people in the area are assumed to eva
cuate. This latter assumption results in upper bound estimates 
of evacuation effectivenss, given a specific delay time and 
speed. 

The evacuation data gathered by the EPA contains sufficient 
information for the estimation of delav times before evacuation 
if a specific speed while evacuating is assumed. Transit speeds 
of 10 miles per hour and greater have been recorded during actual 
evacuation events [9], and do seem reasonable given the low popu
lation density surrounding reactor sites. Therefore, the speed of 
evacuation was assumed to be a constant 10 miles per hour through
out this analysis. The EPA data was analyzed to estimate repre
sentative evacuation delay times. The mean delay time was shown 
to be approximately 3 hours, and the 15*-85 percent level range 
of delays was shown to be approximately 1 to 5 hours. 

To evaluate the effectiveness of iodine prophylaxis, reduc
tion factors were applied to the thyroid dose from inhaled radio-
iodines. For example, if stable iodine was administered shortly 
before or immediately after the release of radioactive material 
begins, reduction factors of 0.01 or less might be appropriate 
{99% or greater dose reductions) [61. The dose to the thyroid 
from external radiation sources, radioiodines in organs other 
than the thyroid, and other inhaled radionuclides are unaffected 
by these factors. 

*15% of evacuations for which data is available had estimated 
delay times of approximately 1 hour or less. 
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III. RESULTS AND CONCLUSIONS 
Protective Action Guides (PAGs)* have been proposed by 

the EPA for whole body and thyroid exposure to airborne releases 
of radioactive material [11]. Therefore, protective measures for 
both "Melt-through" and "Atmospheric" accidents were evaluated 
in terms of expected doses to those organs. Because of the more 
severe hazard posed by accidents in .the "Atmospheric" category, 
protective measures for that type of release were also examined 
in terms of their influence on the occurrence of early public 
health effects such as injuries and fatalities. Only the most 
important results and conclusions from the study are included 
in this paper. 

1. "Melt-through" Accidents 
Projected doses for "Melt-through" accidents are generally 

low compared to threshold levels for early health effects, and 
few, if any, early fatalities or injuries are likely. Emergency 
response planning and actions for this type of accident should 
therefore be primarily directed towards limiting the dose to 
those individuals located in areas where PAGs will be, or are 
likely to be, exceeded. Figure 1 shows the probabilities of 
exceeding thyroid and whole body PAGs versus distance from the 
reactor, conditional on the occurrence of a "Melt-through" 
release. The probabilities are calculated for an individual 
located outdoors, and are presented for both lower and upper PAG 
levels for each organ. It is evident from these results 
that, for all pracical purposes, projected doses in excess of 
PAGs are confined to areas within 10 miles of the reactor for 
this type of accident, and in most cases, to areas considerably 
smaller. 

For persons at any distance, evacuation, even with delay 
times of 5 hours or longer, was shown to provide larger reduc
tions in whole body dose than sheltering. This is due, in large 
part, to the fact that the release duration assumed for "Melt-
through" accidents is very long (10 hours), and that evacuated 
persons will therefore avoid exposure to a significant portion 
of the cloud, even with a relatively long delay time. However, 
sheltering, particularly in areas where most homes have basements, 
also offers substantial reductions in whole body dose, and might 
*A PAG is defined as the "projected" dose to an individual 
in the general public which warrants the initiation of emer
gency protective actions. The "projected dose" is defined 
by the EPA as the dose that would be received within a few 
days following the release if no protective actions are 
taken. PAG's range from 1 to 5 rem for whole body exposure 
and from 5 to 25 rem for projected dose to the thyroid. 
The lower value of these ranges should be used if there 
are no major local constraints to providing protection at 
that level. However, in no case should the higher value 
be execeeded in determining the need for protective action. 

Ili.7-6 



be an acceptable alternative to evacuation. Iodine prophylaxis, 
if administered in sufficient time, and evacuation with small 
delay times both offer substantial reductions in the projected 
dose to the thyroid for "Melt-through" accidents. 

2. "Atmospheric" Accidents 
In contrast to accidents in the "Melt-through" category, 

"Atmospheric" accidents are more likely to result in radiation 
doses to individuals downwind in excess of threshold levels for 
early health effects. The probabilities of exceeding thyroid and 
whole body PAGs, conditional on this type of release, are shown 
in Figure 2 as a function of distance from the reactor. Again, 
the probabilities are calculated for a person located outdoors 
and are displayed for both the lower and upper FAG levels for 
each organ, the figure indicates that both whole body and 
thyroid PAGs are likely to be exceeded at very large distances* 
from the reactor (and correspondingly over very large areas) if 
an "Atmospheric" accident were to occur. Doses in excess of 
threshold levels for early health effects are confined to smaller 
areas much closer to the reactor. Therefore, in the unlikely 
event that an accident of this magnitude were to occur, respon
sible authorities might choose to direct their available resources 
towards limiting the life- and injury-threatening doses to indi
viduals in those closer areas. Then, if sufficient resources are 
available, protective measures might also be implemented for 
individuals at larger distances for whom PAGs are, or are likely 
to be, exceeded. 

Mean** numbers of projected early fatalities and injuries 
within selected radial intervals, conditional on an "Atmospheric" 
release, are compared for evacuation and sheltering strategies 
in Figures 3 and 4. Seven strategies are included, as defined 
in the key to these figures. Strategy 1 assumes that no imme
diate protective actions are taken. 2, 3 and 4 are selected 
sheltering strategies. Strategies 3 and 4 represent sheltering 
for regions in which a large fraction of homes have basements. 
Effective exposure durations to ground contamination for these 
two strategies are 1 day and 6 hours, respectively. Strategy 2 
represents sheltering for regions in which most homes do not 

•Caution must be used in interpreting the large distances 
indicated. The RSS consequence model assumes an invariant 
wind direction following the release of radioactive material. 
However, because of the time required by the cloud to travel 
large distances, it is likely that the wind direction will, 
in fact, shift and that the predicted dose levels would not 
be observed at the reported radial distance. Rather, the 
distance applies more closely to the trajectory of the 
released cloud. 

**91 stratified weather sequences were used to calculate a 
frequency distribution of early public health effects. 
The mean refers to that distribution [1,3]. 
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have basements, with 6 hours of effective exposure to ground 
contamination. Strategies 5, 6 and 7 represent evacuation with 
5, 3 and 1 hours of delay time, respectively. The results pre
sented in Figures 3 and 4 assume a uniform population density 
of 100 persons per square mile. The corresponding number of 
projected early fatalities and injuries for any particular site 
would depend on the actual population distribution surrounding 
the site. Nevertheless, the relative comparison of numbers for 
the strategies indicated is nearly independent of the population 
distribution within a given interval, and the observations made 
here should be appropriate regardless of the population at a 
specific site. 

Several important observations can be drawn from the results 
presented in Figures 3 and 4. Most early fatalities resulting 
from "Atmospheric" accidents are projected to occur within 
approximately 10 miles of the reactor, while early injuries are 
likely out to somewhat larger distances.* Within 5 miles of the 
reactor, evacuation appears to be more effective in reducing the 
number of early health effects than sheltering, as long as the 
delay time and nonparticipating segment of the population are 
kept sufficiently small. This distinction is not as apparent 
in the 5 to 10 mile interval. Throughout both of the intervals 
from 0 to 10 miles, the importance of a rapid and efficient 
implementation of either evacuation or sheltering is evident 
(small delay times for evacuation, small ground exposure times 
for sheltering). Note that evacuation with delay times of 1 hour 
or less will reduce the projected number of early public health 
effects to roughly 0 in any radial interval, and will always be 
the most effective response measure for a severe accident, if it 
can be achieved. In the intervals beyond 10 miles, there is 
little apparent distinction between the effectiveness of evacua
tion and sheltering strategies in terms of projected early fata- -. 
lities or injuries. The mean number of early fatalities is 0 in 
both of these intervals, and projected early injuries, although 
not 0, are greatly reduced for each of the protective strategies 
investigated. In general, therefore, although protective actions 
may be required for areas outside of 10 miles, the occurrence of 
early health effects will be little affected by the actual mea
sures used and how rapidly or efficiently they are implemented. 

Finally, to evaluate the efficacy of iodine prophylaxis 
as a protective measure for "Atmospheric" accidents, the total 
number of thyroid nodules (benign and malignant) resulting from 
early exposure of the thyroid was also estimated. Assuming a 
uniform population density of 100 persons per square mile, the 
mean total number of thyroid nodules would be approximately 
4000 if no immediate protective actions were implemented. Of 
•Projected early fatalities and injuries in the 15 to 25 
mile interval are higher than for the 10-15 mile interval 
because the interval is twice as wide. 
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these, only roughly 25 percent would occur within 25 miles of 
the reactor (7 percent within 10 miles). The remaining nodules 
would be distributed approximately as follows: 20 percent between 
25 and 50 miles, 25 percent between 50 and 100 miles, and 30 per
cent at distances greater than 100 miles. Therefore, unless 
iodine prophylaxis was administered over very large areas (dis
tances), and correspondingly to very large numbers of people, 
the total number of thyroid nodules expected for this type of 
accident would not be substantially reduced. 

IV. SUMMARY 
Several important conclusions were drawn about the relative 

effectiveness of possible public protective measures for response 
to nuclear reactor accidents involving core-melt, the distances 
to which or areas within which they might be needed, and the 
time available for their implementation. For "Melt-through" 
accidents, few, if any, early public health effects are likely, 
and doses in excess of PAGs are "confined" to areas within 10 
miles of the reactor. Evacuation appears to provide the largest 
reduction in whole body dose for this category, although shel
tering, particularly when basements are readily available, might 
be an acceptable alternative. For "Atmospheric" accidents, PAGs 
are likely to be exceeded at very large distances, and signifi
cant numbers of early public health effects are possible. How
ever, most early fatalities occur within 10 miles of the reactor. 
Within 5 miles, evacuation appears to be more effective than 
sheltering in reducing the number of early health effects. 
Beyond 5 miles, this distinction is less, or not, apparent. 
Within 10 miles, early health effects are strongly influenced 
by the speed and efficienty with which protective measures are 
implemented, whereas outside of 10 miles, they are not. 

The conclusions presented are useful as guidance for the 
planning of protective measures in response to potential core-
melt accidents. However, appropriate protective measures can 
not be determined solely on the basis cf potential dose or 
consequence reductions. The specific response planned should 
be a function of local population locations with respect to 
available roads, means of communication, etc. and the measures 
actually implemented should depend on the type of accident, the 
resources available for the implementation of the measures, the 
public risk that their implementation could entail, and any 
other local constraints at the time of the accident such as 
weather conditions. We believe that the information presented 
in this paper, when coupled with these latter considerations, 
provides a substantially improved basis for the design of appro
priate emergency response actions. 
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