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FOREWORD

The Office of Radiation Programs of the Environmental Protection Agency carries
out a national program designed to evaluate population exposure to ionizing and non-
ionizing radiation and to promote development of controls necessary to protect public
health and safety.

Within the Office of Radiation Programs, the Surveillance and Inspection Division
conducts programs relating to sources and levels of environmental radioactivity and the
resulting population radiation dose. Reports of the findings are published in the monthly
publication Radiation Data and Reports, appropriate scientific journals, and Division
technical reports.

The technical reports of the Surveillance and Inspection Division allow comprehen-
sive publication of the results of intramural and contract projects and, as in the case of
the present report, of studies supported by the Division. The reports are distributed to
State and local radiological health agencies, Office of Radiation Programs technical and
advisory committees, universities, libraries and information services, industry, hospitals,
laboratories, and other interested groups and individuals. They are also included in the
collections of the Library of Congress and the National Technical Information Service.

Readers of these reports are encouraged to inform the Office of Radiation Programs
of any omissions or errors. Comments or requests for further information are also invited.

W. D. Rowe
Deputy Assistant Administrator
for Radiation Programs
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ABSTRACT

The exposure of man to natural radiation sources in the United States has been esti-
mated by considering the distribution of the population with respect to certain factors,
principally geology and elevation, which influence exposure to terrestrial and cosmic
radiation. Data obtained by aerial surveys in the United States have been used to calculate
an average dose equivalent (DE) estimate of 40 mrem/yr. to the population. The results
also indicate three distinct areas of terrestrial radioactivity in the United States—(1)
the Coastal Plain, which consists of all or portions of States from Texas to New Jersey
(23 mrem/yr.); (2) a portion of the Colorado Front Range (90 mrem/yr.); and (3) the
rest of the United States, i.e., portions of the U'nited States not included in *1" or 2"
(46 mrem/yr.).

Since elevation is the primary determinant of cosmic ray DE in the United States,
the population distribution with respect to elevation was determined. The average pop-
ulation elevation of the United States was determined to be approximately 700 feet, and
the average cosmic ray DE was estimated to be 41 mrem/yr.

To arrive at an estimate of the gonadal DE, the influence of housing, biological shield-
ing, and the DE contribution from internal emitters was also considered. The first two
factors serve to attenuate man's gonadal DE due to terrestrial radiation by about the same
amount that is contributed by internal emitters. The average gonadal DE to the U.S.
population was calculated to be 88 mrem/yr.

xiit



NATURAL RADIATION EXPOSURE
IN THE UNITED STATES

Donald T. Oakley *

CHAPTER 1. INTRODUCTION

1.1. General

The largest source of ironizing radiation expo-
sure to the world’s population is from the natural
radiation environment. This exposure is by no
means uniform for all individuals, but varies be-
cause of a number of important factors: altitudes,
geological features, and living habits of man
himself. Variations in exposures as a result of
these factors often exceed exposures from sources
which have received considerably more attention.
According to the existing literature, the geneti-
cally significant dose equivalent (DE) from hat-
ural radiation in the United States ranges from
80 to 200 mrem/yr. The average individual living
in the United States in 1964 received an x-ray
exposure DE of 55 mrem/yr. (U.S. Public
Health Service, 1969). Other sources, such as nu-
clear reactors, fallout, etc., account for less than
5 mrem/yr. Within this perspective, the purposes
of this study are to better estimatc man’s expo-
sure to natural sources of radiation, to investi-
gate the variations that occur, and to examine the
parameters that influence both the levels and the
variations so that the relative importance of
manmade exposures may be evaluated.

It is frequently stated that man has endured
and thrived in his natural environment. Thus
this source of exposure has not received the at-

* A thesis submitted to the Faculty of the Harvard
Schoo! of Public Health in partial fulfillment of the re-
quirements for the degree of Doctor of Science in the
field of Environmental Health Services.

2Dr. Donald T. Oakley is Deputy Director of the Sur-
veillance and Inspection Branch, Office of Radiation
Programs, Environmental Protection Agency, Rockville,
Maryland.

tention which has been accorded to sources of less
magnitude and ubiquity. However, in order to
determine the significance of the effects of small
manmade irfcrements of exposure, it is necessary
to determine the larger component due to natural
radiation. Examples of studies which have shown
no correlation of background radiation with
health are Grahn and Kratchman (1963) and
Segal et al. (1964). Although studies performed
by Wesley (1960) and Gentry et al. (1959) show
a variation in congenital malformations with
background radiation, a recent review of the lit-
erature by Sagan (1971) casts doubt upon this
relationship. Background radiation exposure is
less well defined than smaller sources of expo-
sure, and thus may contribute to the deleterious
effects of radiation which are speculated to be
associated with fallout, nuclear reactors, and x
radiation.

1.2. Estimates of Natural Radiation
Exposure

Measurements of natural radiation background
have been performed worldwide; within the
United States, measurements tend to fall into
three categories. First, there are single measure-
ments which have been made at widely varying
locations. The locations may have been chosen on
the basis of convenience to laboratory facilities.
interest in the radioactivity of various geological
formations, or interest in determining the pres-
ence of nuclear weapons fallout. The most ex-
tensive measurements of this type in the United
States have been reported by the Health and

1



Safety Laboratory, U.S. Atomic Energy Com-
mission (AEC) (Beck et al, 1964ab; 1966ab).
The second eategory of measurements has resulted
from special studies, which have been conducted
primarily for the purpose of estimating back-
ground radiation exposure to the population,
Examples of this work include studies in New
England by Segall (1963) and Lowder and
Condon (1965), and measurements in 24 States
by Levin et al. (1968). The third category con-
sists of aerial surveys which have been performed
by AEC and its contractors around nuclear in-
stallations within the United States.

In several other countries, surveys have been
performed on a countrywide basis for the pur-
pose of estimating the population exposure to
natural radiation (table 1). The investigators
have employed different techniques and instru-
mentation so that a direct comparison cannot be
made. However, even if we consider these factors
and the differing emphasis on measurements
{open field vs. paved areas, indoors vs. out-
doors), there is reasonable agreement among the
estimates,

Measurements obtained in the United States
will be presented in the following chapters, and it
will be seen that they are similar to measurements
obtained in other countries (table 1). It should
be noted that the measurements by Hultqvist
(1956), Herbst (1964), and Ohlsen (1969) were
made with either ion chambers or portable scin-
tillation detectors, and therefore the measure-
ments include the contribution of nuclear weapons

fallout to the total DE. The measurements by
Herbst, which were made during 1957 to 1959 and
in 1961, respectively, are probably most in error
on this account, since fallout contributed as much
as 30 percent to the total external DE rate during
these periods.

1.3. Sources of Natural Radiation
Exposure

Exposure to external natural radiation sources
occurs throngh cosmic radiation and radioactive
elenmients in the earth’s crust and in building ma-
terials. An additional increment of external expo-
sure, which accounts for less than 5 percent of the
total, is due to the presence of radioactive decay
products of radon and thoron in the atmosphere.

The natural radiation environment has been
relatively constant since at least the beginning of
the Neolithic Age (10,000 B.C'.) and probably for
much longer. The most recent reversal of the
earth’s magnetic field occurred 700,000 years ago,
and at that time the cosmic ray intensity may
have increased by 10 percent in equatorial regions
of the earth for approximately 1,000 years
(Black, 1967). With the exception of short-term
variations in cosmic ray intensity, there is noth-
ing in the literature to indicate the occurrence of
significant changes in natural radiation sources
since the most recent magnetic field reversal,

Although the intensity of natural radiation
sources has remained constant in recent times,
man's living habits have changed in such a way

Table 1. Estimates of dose equivalent due to terrestrial and cosmic radiation in several countries

Dose equivalent (mean)

Reference Country (mrem/yr.) Remarks
Bultgvist, 1956 Sweden 77 wood dwellings Measurements at centers of rooms in 986 apartments, 677
130 brick houses  (all indoors) ; author s values of ion pairs/
197 concrete cms-see. converted to mrem/yr., assuming 1 ion pair/
cem3-see. = 1.3 urem/hr.
Herbst, 1964 Switzerland 122 Estimate weighted by distributions of population over
geologleal reglons and indoor/outdoor occupancy
Yamagata and Iwashi- Japan 87 Sofl analyses for potassium, uranium, and thorfum at
ma, 1967 230 locatlons ; mean terrestrial DE = 47 mrem/yr.; if
cosmlec DE = 40 mrem/yr., total = 87 mrem/yr.
Ohlsen, 1969 E. Germany 91 1,005 measurements outdoors, 667 measurements indoors ;
estimate is welghted by time spent indoors and out-
doors
Weng and Huang, 1970 Tajwan 112 Average of measurements at 26 outdoor locations = 72

mrem/yr. (terrestrial sources only) ; if cosmic ray DE
is assumed to be 40 mrem/yr. total = 112 mrem/yr.




as to influence his exposure. Populations have
tended to nmigrate from coastal to inland areas,
thus increasing their elevation and exposure to
cosmic radiation. .\t the same time. the outdoor
agrarian society has largely been replaced by in-
door work and life in urban centers. Man’s expo-
sure has thus been increased in some instances
because of the natural radioactivity of building
materials: in other instances, buildings attenuate
exposure to the outdoor terrestrial sources, result-
ing in lower exposure.

Although this dissertation is primarily con-
cerned with external radiation sources, it is im-
portant to note that additional increments of DI
result from ingestion and inhalation of natural
radionuclides. Potassium-40 is the principal con-
tributor of internal DK : other significant internal
emitters are radium-226 and -228 and their
daughter products, carbon-14 and radon-222
(UNSCEAR, 1962). Gonadal exposure to ex-
ternal radiation is about five times greater than
that from internal sources, and the ratio is simi-
lar for exposure to the bone marrow. With regard
to natural internal radioactivity, Cherry et al.
(1970) have recently shown that man has rela-
tively low concentrations as compared to other
mammals, fish, and birds. In fact, in a comparison
of total alpha activity in the bones of 18 different
mammals, only the pig ranked lower than man.
From their analysis of herbivore bones and ma-
rine livers, Cherry et al. predict DE in excess of
1,000 mrem/yr. to these organs, of which 90 per-
cent or more is due to internal alpha emitters.

The retention of inhaled radioactive daughter
products of radon and thoron is the primary
source of lung DE to the general population. Al-
though the inhalation of radon daughters has
been given special attention in the case of ura-
nium miners (Federal Radiation Council, 1967),
exposure to occupants of residential dwellings
can also be significant. Hultqvist (1956) calcu-
lated a potential average lung dose of 205 mrem/
yr. to occupants of unventilated wood dwellings
and 1,780 millirem/yr. to occupants of unventi-
lated concrete buildings. More recently, Yeates
et al. (1971) have found that first-floor occupants
of frame dwellings may receive a lung DE of 150
mrad/yr. from alpha emitters. If a quality factor
of 10 is assumed, then the DE is 1,500 mrem/yr.

1.4. Methodology

One of the primary objectives of this ~tudy wa-
to estimate the external natural radiation expo-
sure to the population of the United =tates. To
do so, existing data on terrestrial and cosmic
radiation measurements were considered in light
of population distribution and living habits.
Many measurements made for other purpozes con-
tribute information on man’s exposure to radiu-
tion from natural sources. For example, much
of the existing data on cosmic radiation exposure
has resulted from interest in high-energy particle
reactions or from studies of cosmic ray variation.

External exposure to terrestrial radiation
sources may be estimated by direct measurement
or calculated from chemical assays of natural
emitters in soil. Ground analyses and soil analyses,
however, have not been sufficiently extensive to
make an overall estimate of exposure in the
United States. For this reason, the estimate of
exposure due to terrestrial sources in this study
relies principally on data from aerial surveys.
The aerial surveys, which were previously men-
tioned, have been made over areas across the
United States and all together cover land areas
occupied by approximately 30 percent of the U.S.
population.

A combined estimate of the total cosmic ray
and terrestrial DE was then made in this study
on the basis of what is known concerning the dis-
tribution of the population by elevation. geology,
and living habits.

Units of radioactivity have perplexed practic-
ing health physicists and those recommending
units since the discovery of ionizing radiation. As
a result, it is common to find units of roentgens.
rads, and rems used to describe the same thing in
radiation protection literature. Fortunately, the
three entities are approximately equal in the case
of ionizing radiation from external natural back-
ground sources, and therefore the unit of DE,
the rem, is used throughout for the suke of uni-
formity. A full description of dosimetric terms
may be found in Cember (1969) and the recom-
mendations of the International Commission on
Radiation Units and Measurements (ICRU)
(1971).



CHAPTER 2. COSMIC RADIATION

2.1. Introduction

Cosmic radiation is composed primarily of ga-
lactic radiation and a varying component of solar
radiation. Galactic radiation originates outside of
our own solar system, and, as the name implies,
solar radiation results from phenomena on the
sun.

2.1.1. Galactic radiation

The primary component of galactic radiation,
as it impinges on the earth’s atmosphere, is esti-
mated to be 75 to 89 percent protons, 10 to 18
percent helium nuclei, and 1 to 7 percent nuclei
with Z =3 (UNSCEAR, 1966 ; Neher, 1967). The
energy range is thought to extend beyond 10™ eV,
and the average encrgy flux arriving at the top of
the atmosphere is 2 X 10® MeV/cm?-sec. (Korff,
1964). In addition to heavy particulate radiation,
electrons and x rays have also been detected in
primary cosmic radiation.

Primary cosmic ray interactions with the at-
mosphere result in an ionizing component of
cosmic radiation in the lower atmosphere, pri-
marily muons and electrons, and a minor neutron
component. The process of formation is shown
schematically in figure 1. Of most significance to
population exposure is the formation of muons,
which are generally assumed to account for ap-
proximately 70 percent of the cosmic ray dose at
sea level (Lowder and Beck, 1966).

2.1.2. Solar radiation

Particulate solar radiation is comprised almost
entirely of bursts of protons and helium nuclei
with energies ranging up to several GeV. The
proton bursts, or flares, follow approximately 6
percent of the observed sunspots, and about 3 per

cent of all flares belong to class 3 (the largest)
(Langham, 1967). As will be discussed later, the
relatively low energy of the solar particles pre-
cludes their secondary radiations from reaching
the earth’s surface in all but the largest flares.

2.2, Cosmic Ray Variation

The factors which contribute to cosmic radia-
tion variations are extensively reviewed in books
by Rossi (1964), Sandstrom (1965), and Haya-
kawa (1969). A brief summary of the present
knowledge of cosmic ray variations is presented
here in order to justify the dose estimation pro-
cedures which follow. In addition, knowledge of
the many variations which exist 1s helpful in
understanding rather large differences in the
reported measurements.

2.2.1. Time variations

The temporal variation of cosmic radiation has
been observed for approximately 35 years, com-
mencing with the work of Forbush (1938). At
that time, Forbush reported the effect of the “sea-
sonal wave” on cosmic ray magnitude and specu-
lated upon the possibility of the influence of the
solar cycle on cosmic ray intensity. Research thus
far indicates that most variations in ground-level
cosmic ray intensity are attributable to solar influ-
ence on the interplanetary magnetic field (For-
bush, 1954, 1958; Kuzmin and Skripin, 1966a:
Pal, 1967). In general, where variations are
attributed to solar influence, the ionization inten-
sity on earth is inversely correlated with solar
activity.
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Variations in cosmic radiation have been ob-
served to occur in cycles of 11 years, 1 year, 27
days, and 1 day. and Neher (1971) has recently
reviewed the evidence for a cycle which persists
for several 11-year periods. .\s a result of these
variations, the intensity of sea-level ionization at
a given location may vary by approximately 10
percent. Based on the consideration of cosmic
ray-induced radionuclides on the earth and in
meteorites, Hayakawa (1969) asserts that average
cosmic ray levels have remained relatively con-
stant for at least 10® years. Maximum levels prob.
ably existed during the reversals of the magnetic
field, the most recent of which occurred 700,000
years ago, when an increase of 10 percent may
have occurred (Black, 1967).

Solar flares occur more frequently during the
solar maximum period of the 1i-year cycle, and
therefore flares are also considered here as a tem-
poral variation. Although the hazards to space
travelers during this period are potentially great
(Upton, 1966; Langham, 1967; Haffner, 1967),
the magnetic field of the earth and the shielding
properties of the atmosphere result in little per-
turbation of the sea-level intensity during a flare.

According to Haffner (1967), eleven "3+
solar flares (the largest) occurred during the
1958 to 1961 period of maximum solar activity.
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The ground effect of a 3+ flare is shown in fig-
ure 2. Although other flares have had a more pro-
nounced temporary effect on neutron levels, the
lack of significant influence on the ion chamber
measurement is typical. Following an initial rise
in neutron and muon counting rates, the levels
are observed to decrease below the preflare values.
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Figure 2. Cosmic ray ground level measurements dur-
ing a 34 flare, Yakutsk, U.S.S.R., 51° geomagnetic
latitude (Kuzmin and Skripin, 1966b)



The phenomenon is known as the Forbush de-
crease, and is due to the fact that flares are fol-
lowed by magnetic disturbances which reduce the
low energy galactic radiation component.

2.2.2. Latitude variation

Of the factors which influence cosmic ray ioni-
zation at the earth's surface, the latitude effect
was the first to be well described. This effect re-
sults from the earth’s geomagnetic field, which
approximates a dipole located 215 miles from the
earth’s center with the poles at 79° N., 69° .
(northwest Greenland) and 76° S., 121° E. (Ant-
arctica) (UNSCEAR, 1966 ; Pal, 1967). The mag-
netic field serves to cut off incident low energy

cosmic particles, and the screening effect is larger
in the lower latitudes in both hemispheres.
Millikan et al. (1936a), through a worldwide
survey, observed the cosmic ray variation at zea
level due to the latitude effect: his results are
summarized in figure 3. As shown in this figure.
the ionizing component of cosmic radiation varies
by about 2 percent throughout contiguous U.N.
latitudes, which range from 36° to 5%° N. geo-
magnetic. Extensive reviews of later work have
been presented by Lowder and Solon (1956),
Hultqvist (1956), and UNSCEAR (1962, 1966).
More recent work (Raft et al, 1970: George,
1970) indicated a slight decrease in cosmic ray
ionization commencing around 50° geomagnetic
latitude (a line through Washington, D.C., and
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Figure 3. Variation of cosmic radiation with latitude (Millikan et al., 1936a)



central Oregon). However, it still appears that
the influence of latitude on cosmic radiation ex-
posure within the United States is negligible in
terms of population exposure.

Neutron flux varies by approximately 30 per-
cent between the poles and the equator and by
15 percent within the range of latitudes covered
by United States (UNSCEAR, 1966). However,
since neutrons account for a small fraction of the
total cosmic ray exposure, the variation of DE
with latitude in the United States is insignificant.
Furthermore, in a comparison of cosmic ray meas-
urements in section 2.3, it wili be seen that uncer-
tainties in the various measurements tend to
obscure all variations except the increase of expo-
sure with elevation, and, for purposes of dose
estimation in the present study, the latitude
variation in the United States will be neglected.

2.23. Altitude variation

The atmosphere attenuates the cosmic ray flux;
the attenuation of the secondary particles is
varied so the relative DE contribution from dif-
ferent particles changes as the atmospheric depth
increases. As a general view of cosmic ray DE
variation with altitude, a summary of O’Brien
and McLaughlin’s (1970) calculations is pre-
sented in figure 4. In their work, O’Brien and
McLaughlin have shown that the calculated
values agree well with measured ionization values
throughout most of the atmosphere.

The ionizing component of cosmic radiation
in the lower atmosphere has been measured by
workers at the California Institute of Technol-
ogy (Bowen et al., 1934; Millikan et al., 1936b;
and George, 1970) and the AEC Health and
Safety Laboratory (Solon et al., 1960; Lowder
and Beck, 1966 ; and Raft et al., 1970). The ioniza-
tion profiles (ionization vs. elevation) up to 15,000
feet as obtained by each investigator have ap-
proximately the same shape, the primary differ-
ence being in the absolute values. The profile
determined by Lowder and Beck (1966) is repre-
sentative of the existing information and is used
to obtain the DE variation with elevation.

The neutron contribution to the cosmic radia-
tion DE is approximately 15 percent of the total
and will be discussed further in the next section.
Neutron density in the atmosphere varies expo-
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Figure 4. Cosmic ray dose equivalent rate variation
with altitude (O’Brien and McLaughlin, 1970)

nentially with pressure with an e-folding thick-
ness of 165 g/cm?, or a half thickness of 114 g/
cm? (Patterson et al., 1959; Miles, 1964). The
constant slope in the lower atmosphere indicates
that the neutron spectrum does not change over
the same range, and therefore in this report the
neutron DE is assumed to vary as the neutron
density.

Closely related to altitude variation is the vari-
ation of cosmic radiation with barometric pres-
sure at a fixed elevation; Shamos and Liboff
(1966), in addition to their own work, have re-
viewed the findings in 21 investigations concerned
with this effect. The “hard componernt” (primar-
ily muons) varies by about 0.17%/torr, and the
“soft component” has been estimated to vary by
about 0.93% /torr. The overall variation is 0.3 to
0.4%/torr. For purposes of long-term estimation,



the variation is not important. However, since
the barometric pressure may vary by about 3
percent from day to day, it represents a potential
source of error in correcting and comparing
different measurements,

2.3. Cosmic Ray Measurements

2.3.1. Ionizing component

The measurement of the ionizing component of
cosmic radiation is generally expressed as ion
pairs/cm®-sec. (commonly expressed as “I”), and
corrected to the sea-level value at 760 torr and
0° C., although not all authors mention a temper-
ature and pressure correction. One I corresponds
to a value of 1.65 wrem/hr. This ratio has been
used to convert all measurements to the same
units.

Summarized in figure 5 and table 2 are meas-
urements of the sea-level intensity that have been
made by various investigators over a period of
40 years. As can be seen, there has been a con-
siderable spread in the reported values, which is
remarkable even in view of the natural variations
that have been cited. Even the most recent meas-
urements which have been reported differ by 30

Table 2. Summary of sea-level ionization due to ens-
mic radiation at US. latitudes

Ionization
(lon pairs/
Beference cm3-sec.)

Hultqvist (1956) 206
Solon et al. (1960) 2.52
Kaxtner et al. (1963) 2.78
Shamos and Liboff (1966) —— oo~ 2.1%
Lowder apd Beck (1966) —oweeeeecaeeeen 2.10
Ohlsen (1969) _ 2.18
George (1870) _. 2.60
O'Brien and McLaughlin (1970) oo 220
Yeates (1970) 2.59
Average of 20 values 2.22
Average of post-19456 values - ___ 2.44

= Average of 12 values from previous investigations.

¢
to 40 percent. Shames and Liboff (1966), Lowder
and Beck (1966), and George (1970) have at-
tempted to explain the differences through ion
chamber construction, calibration, alpha contami-
nation of the measuring chamber, and radon
daughters in the atmosphere (the latter two fac-
tors may contribute up to 15 to 20 percent of the
measured cosmic ray dose). However, differences
still remain, and, in view of the numerous cor-
rections which must be made to compare measure-
ments at different locations, it appears that the
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Summary of sea-level ionization due to cosmic radiation

<



differences will not be resolved soon. For the pur-
pose of DE estimation in the present work, a
value of 2.44 I has been assumed for the average
cosmic ray ionization at sea level in the United
States. This is the average of eight reported
values since 1960 and is equivalent to 4.0 prem/hr.,
or 35.3 mrem/yr. The value used in this study,
35.3 mrem/yr., compares reasonably well with the
most recent reported UNSCEAR (1966) value of
28 mrem/yr.

2.3.2. Neutron component

Several factors have contributed to relatively
poorer knowledge of the neutron DE rate at sea
level as compared to the ionizing DE rate. First,
the neutron flux in the atmosphere is more sen-
sitive to the time, latitude, and altitude variations
which have been deseribed. Since the neutron DE
rate has been measured over a relatively shorter
time and by fewer investigators, the intercom-
parison of different work is complicated by the
greater natural variations. In addition, incon-
sistencies exist in reporting results so that it is
common to find data reported either in dose or
DE units.

TUNSCEAR (1966) reviewed the neutron meas-
urements through 1965 and, based upon a re-
ported range of 0.3 to 1.1 mrad/yr., concluded that
0.7 mrad/yr. should be taken as the typical sea-
level value at middle latitudes. The International
Commission on Radiological Protection (ICRP)
(Upton, 1966), in reviewing cosmic radiation
hazards to supersonic jet passengers and crew, has
assumed 3 sea-level value of 4.3 X 10°% prad/hr.
(0.38 mrad/yr.) and a quality factor of 8, which
corresponds to 3.0 mrem/yr. Watt (1967) has
calculated a value of 6.8 mrem/yr. O'Brien and
MecLaughlin (1970), in addition to reviewing the
discrepancies which presently exist in the neutron
data, have caleulated a value of ~0.33 mrem/yr.
A\ quality factor of 3 may also be inferred from
their data, A summary of the preceding informa-
tion is presented in table 3. For the purpose of
dose estimation in the present study, the recom-
mendations of UNSCEAR (1966) and Upton et
al. (1966) have been followed by using the values
of 0.7 mrad/yr. and QF = 8, respectively.

The cosmic radiation dose rates to be used in

10

Table 3. Cosmic ray neutron dose equivalent at sea level

Dose equlvaleut

Reference (mrem/yr.)
UNSCEAR (1966) -- e 5.6
Upton et al. (1866} 2 3.0
Watt (1967) - 8.8
O'Brien and McLaughlin (1970) o _________ 0.33
Hajnal et al. (1871) - 3.3
This report 5.6

QE: Based on dose values presented by UNSCEAR (1966) and
= 8.

this study are summarized in table +. Based upon
the adopted sea-level values and ionization pro-
file of Lowder and Beck (1966), the DE rates at
altitudes up to 15,000 feet have been plotted in
figure 6. Estimates of cosmic radiation DE at

Table 4. Cosmic radiation dose equivalent at sea level
Source arem/hr. mrem/yr.
Nowtrons “omponent - 0.04 %8
Total e~ 4.6 40.9
o’ T T T — T T
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Figure 6. Cosmic ray dose equivalent vs. elevation



different elevations were made using data from
this figure.

2.4. Population Distribution

The population of the United States was dis-
tributed in 1960 as shown in figure 7, which is
adapted from the U.S. Census Bureau (1963).
Through use of the population distribution map
and a U.S. Geological Survey topographic map
(Gannett, 1916), the population of the United
States was found to be distributed by elevation
as presented in table 5. The mean populated ele-
vation of each State was computed by averaging
the population of urbanized areas, for which an
approximate elevation was available (Rand Me-
Nally, 1971; Gannett, 1906), and the population

Table 5. Distribution of the U.S. population vs. elevation

(1960)
Elevation Interval
(102 feet) Population Cumulative percent

1)y S S 86,629,494 48.2
D] s 63,007,720 83.4
19,746,062 94.5
5,298,236 97.4
3,938,663 99.6
618,000 99.9
71,000 100.0
14,000 100.0

i ) A 179,323,175

of the nonurbanized areas. The mean elevation
of the nonurbanized population was computed
by weighting the population in each elevation
segment by the segment midpoint. Thus, the mean
populated elevation (feet) of the nonurbanized
area of state =

ONE DOT EQUALS 10,000 PERSONS |
OUTSIDE URBANIZED AREAS J

Figure 7.

Population distribution, 1960
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No. living at
( 0 to 500 feet

)x290+(5

No. living at

00 to 1,000 feet) X 750...

Nonurbanized population of State

Three exceptions to this procedure were re-
quired. First, the population of Ilawaii was as-
sumed to be distributed 95 percent in the 0 to
500-foot interval and 5 percent in the 500 to
1,000-foot interval, since the scale of the U.S.
Census Bureau map did not justify a comparison
with topographic data. Secondly, several low-
lying States on the Atlantic and Gulf Coasts have
mean elevations less than 250 feet based on geog-
raphy alone. In these States, which are Delaware,
Florida, Louisiana, and Rhode Island, Gannett's
(1894) estimates of mean elevations were used
(60, 100, 100, 200 feet, respectively) for the non-
urbanized population. Thirdly, it becomes neces-
sary later in this report to divide certain States
into Coastal Plain and non-Coastal Plain regions.
The Coastal Plain regions (to be specified later)
are also low-lying areas and have been assigned
mean elevations based on a comparison of popu-
lation distribution and topographic data for the
respective regions.

The estimates of mean populated elevations

have been used in conjunction with values ob-
tained from figure 6 in order to estimate the
cosmic ray DE in the United States, and this
information is summarized in figure 8. As can be
seen, the DE is relatively uniform in the eastern
half of the country but increases in areas of
higher elevation in the west. The populations of
Alaska and Hawaii, which are not shown, were
also calculated as receiving between 40 and 50
mrem/yr.

It is interesting to note that a small area
on the east side of the Rocky Mountains, in the
vicinity of Leadville, Colorado, includes all of the
populated communities in the United States
which are at elevations greater than 10,000 feet.
These communities are between 10,000'and 10,500
feet; this elevation corresponds to a cosmic ray
DE of 160 mrem/yr., or approximately four times
the sea-level DE. Additional calculations are
presented in chapter 4, where the contribution
from terrestrial and other sources will also be
discussed.

S05p
40-5p
5060
0.
5059
g (5080
3 )
40-50 £0-8p >80

[ h

Figure 8. Dose equivalent from cosmic radiation (mrem/yr.)
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CHAPTER 3. TERRESTRIAL RADIATION EXPOSURE

In the preceding chapter, the factors which
affect exposure to cosmic radiation have been
discussed. In this chapter, the same approach will
be taken to discuss man’s exposure to natural ter-
restrial sources of radiation.

3.1. Sources

Naturally occurring radionuclides contribute
significantly to man’s external exposure. In most
of the United States, the magnitude of terrestrial
radiation exposure is relatively uniform and is
similar to that due to cosmic radiation. As far as
is known, there are no terrestrial areas in the
United States which yield DE rates comparable
to the high radiation levels 10 to 100 times greater
than “normal”) which have been observed in
other parts of the world, notably a few popu-
lated areas of Brazil and India (UNSCEAR,
1962).

The nuclides which contribute to man’s natural
exposure have been extensively reviewed else-
where (Lowder and Solon, 1956; UNSCEAR,
1962). From the standpoint of man’s exposure,
only potassium-40 and the radioactive decay
chains of uranium-238 and thorium-232 are
significant. In addition to these nuclides, Lowder
and Solon (1956) summarized physical data for
21 nuclides which exist or are hypothesized to
exist; however, long half-lives and low abun-
dances account for their insignificant DE to man.
The presence of cosmic ray neutrons insures that
capture reactions do occur in soil at the earth’s
surface and in the atmosphere, thus resulting in
the probable occurrence of many additional radio-
active nuclides. The production of carbon-14 and

tritium are two well-known examples of this
process; however, the DE due to cosmic ray-
induced nuclides is insignificant.

Potassium-40 occurs as one of three potassium
isotopes. The two most abundant isotopes, potas-
sium-39 (93.1 percent) and potassium-1 (6.9
percent}), are stable, whereas potassium-40 (0.0118
percent) decays with a half life of 1.25 X 10°
years. A 146 MeV gamma ray is emitted in 11
percent of the disintegrations, and this gamma
ray is the source of terrestrial DE from the
nuclide.

Thorium-232 and uranium-238 decay chains
are shown in tables 6a and 6b. Uranium-235 is
the parent element of a third decay chain; how-
ever, as can be seen from table 7, the energy re-
leased from radioactive decay from this chain
is insignificant in comparison to the uranium-238
and thorium-232 chains. Although the nuclide
composition of the rock in table 7 differs slightly
from estimates which will be presented later, it
is clear that uranium-238, thorium-232, and
potassium-40 may be assumed to account for
practically all of man’s terrestrial radiation
exposure.

As in the case of cosmic radiation, terrestrial
sources have been studied primarily for purposes
other than interest in population exposure to
background radiation. For example, measure-
ments made early in this century were concerned
with geologic dating and heat generation due to
radioactive decay. Since the 1940's, however, most
of the literature concerning uranium and thorium
has resulted from an economic interest in the twe
elements. Within the past 13 years, additional
data have been reported which relate directly te
man’s exposure to terrestrial sources.

13
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Table 6a. Uranium-238 decay chain—uranium series (4n 4+ 2)*
(Courtesy Radiological Health Handbook, Revised January 1970)
Major radiation energies (MeV)
Nuclide His::;:cal Half-1life and intensitiest
x 8 Y
238y Uranium 1 +.51x10%y 4.15 (25%) - .-
l 4,20 (75%)
“32Th Uranium X, 24.1d - 0.103 {217) 0.0nict (3.5%)
l 0.193  (79%) 0.093¢ )
23fpa” Uranium X, 1.17m --- 2.29 (98%) 0.765 (0.30%)
99 7° oLy 1.001 {0.60%)
“.,iPa | Uranium Z 6.75h 0.53 (667) 0.100 (50%)
1.13 13%) 0.70 (247)
0.90 (70%)
“3zu Uranium II 2477105y 4.72 (28%) --- 0.053  (0.2%)
4.77 (72%)
285Th Ionium 8.0 *10%y 4.62 (245) --- 0.068  (0.6%)
4.68 (76%) 0.142 (0.07%)
“28Ra Radium 1602y 4.60 (6%) —-- 0.186 (7
4.78 (95%)
22%Rn Emanation 3.823d 5.49 (100%) 0.510 (0.07%)
Radon (Rn)
2¢Po Radium A 3.05m 6.00 (~1007%) 0.33 (~0.019%)
Radium B 26.8n --- 0.65 (507) 0.295  (19%)
0.7L (20%) 0.352  (36%)
0.98 (67)
23%ac | Astatine ~2s 6.65 (6%) ? (~0.1%) .-
6.70 (94%)
Radium 19.7m 5.45 (0.012%) 1.0 (23%) 0.609  (47%)
5.51  (0.008%) 1.51 (40%) 1.120 (17%)
3.26 (19%) 1766 {17%)
Radium C' 164,.5 7.69 (100%) - 0.799 (0.014%)
Radium C" 1.3m 1.3 (25%) 0.296  (80%)
1.9 (56%) 0.795  (100%)
2.3 (19%) 1.31 (21%)
21iSpo Radium D 21y 3.72 (.000002%) 0.016 (85%) 0.047 (4%)
l 0.061 (15%)
21981 Radium E 5.01d 4.65 (.00007%) 1.161  (~100%) —--
.000137% 4.69 (.00005%)
AAiPo Radium F 138.44 5.305  (100%) - 0.803 (0.0011%)
i
32871 { Radium E” 4,19m - 1,571 (100%) - /
29seb Radium G Scable - --- -

*This expression describes the mass number of any member in this series, where x is an integer.
Example: “95Pb (4n + 2)......4(51) + 2 = 206

tlntensities refer to percentage of disintegrations of the nuclide itself, not to original parent of serfes.

#Complex energy pesk which would be incompletely resolved by instruments of moderately low resalving power such as scintillators.
Data taken from: ZTable of Isotopes and USNRDL-TR-802.



Table 6b. Thorium-232 decay chain—thorium series (4n)*
(Courtesy Radiological Health Handbook, Revised January 1970)

. ) Major radiation energies (MeV)
Nuclide Historical Half-life and intensities®
name
a 2 v
232 : 10 N
a35Th Thorium 1.41x10*°y 3.95 (247%) - ———
4.01 (767)
*i%Ra Mesothorium I 6.7y - 0.055 (1007 I
225Ac¢ Mesathorium I1I 6.13h - 1.18 (35%) 0.36c*  (157)
1.75 (12%) 0.908 (25%)
2.09 (129) 7.96¢ (20%)
225Th Radiothorium 1.910y 5.34 (28%) - 0.03% (1.8,
5,43 () 0.214  (0.37%)
224Ra Thorium X 3.64d 5.45 (6%) _-- 0.261  (3.7%)
5.68 947y | o
22:Rn Emanation 55s 6.29 (100%) -—- 0.55 (0.077)
Thoron (Tn)
2l%po Thorium A 0.15s 6.78 (100%) --- .-
212py Thorium B 10, 64h --- 0.346 (8L%) 0.239 (57%)
0.586 (147) 0.300 (3.27)
2i2pj Thorium C 60.6m 6.05 (25%) 1.55 (57) 0.040 (25)
o ’ 6.09 {10%) 2.26 (55%) 0.727 (7o)
64.0% 36.0% 1.620  (1.8%)
2t2po Thorium C' 304ns 8.78 (100%) --- ---
29811 Thorium C" 3.10m - 1.28 (25%) 0.511 (237
1.52 (21%) 0.583 (86%)
1.80 {507) 0.860 (127)
2,615 (100%)
3gng Thorium D Stable -m- . -—--

*This expression describes the mass numbetr of any member in this series, where n is an integer.

Example: “o2Th (4n)...... 4(58) v 232
tintensities refer to percentage of disintegrations of the nuclide itseif, not to original parent of series.
#Complex energy peak which would be incompletely resolved by instruments of moderately low resolving power such as -.intillacars.
Data taken from: Lederer, C. M., Hollander, J. M., and Perlman, I., Table of Isctopes (6th ed.; New York:
Inc., 1967) and Hogan, O. K., Zigman, P. E., and Mackin, J. L.
U.S. Atomic Energy Cnmlsslon, 1964]) .

John Wiley & Sons,
» Bets Spectra (USNRDL-TR-802 [Washington, D.C.:

Gentry et al. (1959) and Grahn and Kratch-
man (1963), in investigations of fetal malforma-
tion, estimated population exposure from data

Table 7. Gamma-ray energy released by 1 gram of rock
(lithosphere) Kogan et al. (1971)

comyerage | s on local geology and uranium reserves, but made

Tsotope percent sec. X 10-%) no measurements. Segall (1963) conducted a later
Uranium-238_(in equiltbrium with study concerned with health effects of background
n.ﬁ‘i,‘i‘},{n_'z’ﬁ%d(,n ) aitiiegam wits| oox 10 6.82 radiation, and, in support of the study, Billings
e, Bt e with| o 0158 (1961) prepared a radioactivity map (“isorad
porcoay products) -—-——--—----- 1L4x10= R map”) of Vermont, New Hampshire, and Maine.
Other elements —.——o—o--m--mmm - 27 based upon chemical analysis of bedrock. At
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about this time, portable multichannel gamma-
ray spectrometers were developed, and these
instruments allowed field determinations of
the amounts of potassium-40, uranium-238, and
thorium-232 present in the soil. Data reported by
Beck et al. (1964a, 1964b, 1966a) are representa-
tive of this technique.

Extensive literature reviews exist concerning
the distribution and abundance of the naturally
oceurring radioactive elements in the earth’s crust
(Adams et al., 1959; Peterman, 1963; Clark et al,,
1966; Finch, 1967; Overstreet, 1967; Wedepohl,
1969). The purpose of the following text is not
to duplicate this information, but rather to pre-
sent sufficient data from these sources to permit
an understanding of variations which exist in
measurements of background radiation.

The earth’s crust is composed of igneous, meta-
morphic, and sedimentary rocks; the first two
classifications account for approximately 90 per-
cent of the mass of the crust. Sedimentary rocks
accumulate at the top of the crust, however, and
thus Jackson (1964) estimates that sedimentary
rocks cover about 75 percent of the earth’s land
area.

Based on an analysis of the geology map, U.S.
Geological Survey (1971), sedimentary rocks
cover approximately 85 percent of the contiguous
U.S. land area, and are distributed by geologic
age as shown in table 8. Sedimentary rocks may
be classified as shale, sandstone, or limestone,
which have a relative abundance in the ratio of
3:1:1. Since the metamorphic and igneous rocks
of table 8 are concentrated in sparsely inhabited
mountainous areas, it can be assumed that the

U.S. population lives almost entirely over rocks
of sedimentary origin.

Table 8. Types of bedrock in the contiguous
United States
Percent of
Geologic period Type land area
Quaternary 6.5
Upper Tertlary 13.8
Lower Tertiary 9.6
Cretaceous 17.9
Jurassic and Triassic Sedimentary 3.4 » 85.1
Upper Paleozole 19.3
Mid Paleozoic 5.4
Lower Paleozoie 5.9
Younger Precambrian 3.3
Old Precambrian Metamorpbic and
igneous 4.4

Quarternary and

Tertiary Volcanic—igneous 17
Lower Tertlary, Meso-

zole, Paleozoic Intrusive—igneous 2.8
Total 100.0

Table 9 presents the average amounts of ura-
nium, thorium, and potassium-40 in common rocks,
soil, and the earth’s upper crust. It can be seen
from the crustal average that potassium-40 and
the thorium-232 decay chain each contribute ap-
proximately 40 percent of the dose rate at three
feet above the ground, and the vranium-238 decay
chain contributes approximately 20 percent of the
total. The uranium-238 decay chain includes the
gas radon-222, which can diffuse through the soil
and into the atmosphere. The diffusion reduces the
equilibrium concentration of radon-222 daughters
in the soil, thereby reducing the DE contribution
from the uranium-238 series by as much as 50
percent (Beck and de Planque, 1968). The
thorium-232 decay chain also includes a gas,

Table 9. Radionuclide content and dose equivalent rates from commen rocks and soil
Uraninm Thorium Potassium-40 Total
Rock ppm {(mrem/yr.) * pPpm (mrem/yr.) » ppm (mrem/yr.) =|(mrem/yT.) *
Igneous v
Baste 0.9 5.2 2.7 7.3 1.2 147 27.2
Silicic (granite) 4.7 26.9 20.0 63.8 5.0 61.3 142.0
Sedimentary ®
Shale 3.7 21.2 12,0 32.3 3.2 39.2 927
Sandstone 45 2.6 17 4.6 1.1 13.5 20.7
Limestone 2.2 12.8 1.7 4.6 0.32 3.9 21.1
Upper crustal average® . ___ . ewe oo 2.8 16.0 10 28. 2.4 29.4 72.3
U.8. surficla]l averaged —________________ 1.8 10.3 9.0 24.2 1. 21.8 56,3

* mrem/yr./ppm. : uranjum, 5.73; thorlum, 2.69; potassium-40, 12.3; Beck and de Planque (1968).

® Clark et al. (1966).

¢ Uranium and thorium averages from Phair and Gottfried (1964) ; potassium from Heler and Billings (1969).

4 Lowder et al. (1864),
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radon-220; however, the short half-life of radon-
220 (54.5 sec.) prevents a significant loss of gas
(and daughter products) to the atmosphere.

In addition to the gamma rays from terrestrial
sources, which are the basis for the DE values
in table 9, alpha and beta particle emissions also
occur. The alpha particles may be assumed to be
absorbed in the soil, and it is generally assumed
that the beta rays may also be neglected. Beck
et al. (1966a) have completed the most recent
and thorough study of terrestrial beta-ray
sources. In measurements conducted 40 to 180 cm
above the ground surface, they found beta rays
were attenuated with a half thickness of 150
mg/cm?. At one meter above the ground, gamma
rays and cosmic rays produced 7 ion pair/em?-
sec.(I) in air and beta rays produced 13 I Al-
though these authors concluded that the gonads
and bone marrow received a small and negligible
DE from beta rays, it is conceivable that this
source could present a significant exposure for
persons in special circumstances, e.g., individuals
who live on earthen floors. In summary, present
evidence suggests that the beta-ray DE due to
terrestrial sources may be neglected; however,
extensive supporting evidence is lacking.

Table 9 is intended to present a general idea of
the DE rate from various rocks, but practical
limitations prevent the use of these data for esti-
mating population exposure. Phair and Gottfried
(1964) have outlined some of the pitfalls in esti-
mating average elemental contents of various
rocks. For example, they recommend that the
number of analyses of a rock type should be pro-
portional to the abundance of the rock in nature.
In practice, however, rare rocks tend to be over-
analyzed in relation to the common types and
thereby contribute a disproportionate sharé to
the overall mean, In addition, surficial events,
such as mixing of rocks with organic matter,
glaciation, and the simultaneous occurrence of
several rock types, make population exposure
from a single rock type or rock derivative un-
likely. For these reasons, elemental analyses of
rocks are not adequate for making estimates of
population exposure, but are helpful in under-
standing variations which exist in DE rate
measurements.

Table 9 shows that the averages for surficial

measurements are slightly less than for the upper
crust. This is as expected, since the surficial data
are based upon in sitv spectrometric measure-
ments and reflect the factors whirh have already
been discussed. Mixing and weathering pro-esses
at the soil/atmosphere interface serve to reduce
the amount of variation that one would expect
based upon bedrock analyses. Lowder and Con-
don (1965), for example, found that althoush
bedrock radioactivity and above-ground DE
rates could be correlated, the DE rate above
ground increased only slightly for a several-fold
increase in bedrock radioactivity.

3.2. Variations in Terrestrial Radiation

As one might expect from section 3.1, the pri-
mary determinant of the terrestrial radiation
level in a given location is the soil concentration
of natural radionuclides. However, the radiation
level above the ground will vary because of the
presence of soil moisture and the amount of radon
daughters present in the atmosphere. The two fac-
tors are related but will be discussed separately.
The resulting variations in terrestrial radia-
tion exposure will be cyclical and can markedly
affect the observations from day to day. .\s with
the variations in cosmic radiation, an understand-
ing of the sources of variation in terrestrial
sources is helpful in explaining ditferences in
reported measurements.

3.2.1. Radon daughter products

Radon-222, Ty, — 3.8 days, occurs in the ura-
nium-238 decay chain, and radon-220, T, = 54.5
sec., in the thorium-232 decay chain. Because of
the shorter half-life of radon-220, there is less
opportunity for diffusion from the ground, and
thus airborne concentrations of radon-2232 are
generally two orders of magnitude greater than
those of radon-220 (Gold et al., 1964).

Under most conditions radon daughters in the
atmosphere contribute a few tenths of a prem/hr.
to the DE rate (Beck et al., 1964b). Low baro-
metric pressure, atmospheric temperature inver-
sions, little wind, and low soil moisture result in
increased radon emanation from the ground and
high air concentrations of radon daughters ((old
et al,, 1961; Kraner et al,, 1961). Gold et al.
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(1964), in a 5-year study of atmospheric radon
levels, reported an average radon-222 concentra-
tion of 0.26 pCi/liter, with maximum concentra-
tions (0.8 pCi/liter) occurring during the fall
months. These concentrations correspond to 0.t
and 1.3 gwrem/hr., assuming the conversion factor
of Hultqvist (1956).% In developing this factor,
Hultgvist assumed the radon-222 was in equilib-
rium with its daughters. In fact, however, the
daughter concentrations are generally 50 to 100
percent of the values that could be estimated
from the radon-222 concentration (Gold et al.,
1964; Harley, 1953), so that a value of 0.3 prem/
hr. is probably a reasonable estimate of the aver-
age external DE due to radon daughters. This
estimate is supported by the spectrometric meas-
urements by Beck et al. (1966a}), who reported
gamma DE rates at several locations to be be-
tween 0.1 to 0.5 prem/hr. due to radon daughters.
There are other reports of outdoor radon levels
averaging 10 percent of the estimate cited here
(see Lowder and Solon, 1956; and Hultqvist,
1956), but the estimate by Gold et al. (1964) is
assumed to be more correct because of the longer
period of observation.

George (1970) has provided what may be an
example of a relatively high DE rate due to
radon and its davughters. In an effort to isolate
his cosmic ray detection instruments from terres-
trial sources, he moved to an offshore drilling plat-
form 3.6 km west of Los Angeles. By so doing,
he was able to observe increases in the ionization
which coincided with the offshore winds (fig-
ure 9). The difference in high and low readings
was approximately 0.6 ion pairs/cm?3-sec., or 1.0
prem/hr. Since the usual temperature inversion of
the Los Angeles basin results in little vertical
mixing, this value is probably close te the upper
limit of the external DE from radon and its
daughters. It should be noted that radon levels
over oceans are approximately one one-hundredth
of land values (Hess and Parkinson, 1953), and
thus there was probably an insignificant radon
contribution from the ocean to the measurement.

The probable range of external DE due to
radon daughters, therefore, is 0 to 1 urem/hr., and

®Jon pairs/cm®sec. = 0.97 X radon-222 concentration
pCi/liter; 1 ion pair/cm®see. = 1.65 prem/hr.
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Figure 9. Ionization vs. date and local time (PST) on
offshore drilling platform near Huntington Beach,
Calif., (George, 1970)

the average is about 0.3 wrem/hr. Under these
circumstances, the contribution of radon daugh-
ters to the total terrestrial plus cosmic DE rate
at most locations will be less than 10 percent, and
usually less than 5 percent of the total.

3.2.2. Moisture and snow cover

It has already been mentioned that soil mois-
ture retards the diffusion of radon into the
atmosphere and thus reduces exposure to the
airborne daughter products; in most soils, the
amount of water varies from 5 to 25 percent on
a weight basis (Jackson, 1964). Beck et al.
(1966a) found that the potassium-40 DE rate
decreases by about 30 percent when the soil water
content increases from 0 to 30 percent, because
of the increased shielding provided by the water;
however, soil moisture acts in two conflicting
ways on the terrestrial DE rate. The first has al-
ready been mentioned, e.g., the gamma-ray at-
tenuation of the natural emitters. Conflicting with
this is the reduced radon migration to the surface
and accumulation of radon daughters in the
ground. The daughters of radon account for more
than 95 percent of the gamma ray energy from
the uranium-238 series (IKogan et al., 1971), so
that their presence in the ground increases the
exposure from this series, The net effect is for
soil moisture to decrease the potassium-40 and
thorium-232 rates and to increase or leave un-
changed the uranium-238 series DE rate (Beck
et al,, 1966a).



In a comparison of spectrometeric measure-
ments obtzined in Denver, Beck et al. (1966a)
observed that the measurements obtained in dry
years (1962 and 1963) were 15 to 25 percent less
than in a wet year (1965). This indicates that
the gamma ray attenuation by the soil water was
more than offset by accompanying soil retention
of radon daughter products. Therefore, one
would expect variations of this magnitude
throughout the country where periodic drought
and rainy periods occur. Once again, this empha-
sizes the difficulty in interpreting spot measure-
ments and using such measurements for long-term
exposure estimates,

The effect of snow cover on the dose rate
from terrestrial sources was calculated by Sievert
and Hultqvist (1952) (figure 10). The calculated
values agree well with measurements reported
in the same reference and with more recent
measurements by Magi et al. (1970). Concur-
rently obtained snow cover and background
radiation measurements are virtually nonexist-
ent. This fact illustrates a bias which might
exist in practically all measurements of back-
ground radiation, They are obtained in fair
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Figure 10. Decrease in gamma radiation with depth
of snow cover at three different densities (Sievert and
Hultqvist, 1952)

weather when personnel and equipment stress is
at 2 minimum, and therefore the measnrements
may not reflect the seasonal variations of back-
ground due to ground moisture and snow cover.

It is possible, however, to estimate the impor-
tance of snow cover on long-term exposure from
the data of Magi et al. (1970). Based on summer
measurements alone, they estimuated the vearly
DE from natural radiation to be 78 mrem/yT.
at Idre, Sweden, whereas year-round mea-ure-
ments resulted in a 10 percent lower e<timate. 70
mrem/yr. They attributed this difference to the
attenuation of terrestrial sources by snow cover.
The average snow cover at this location is 15
inches and persists for approximately 1%0 days/
yr. (Pershagen, 1969). Natural radiation meus-
urements in three other Swedish cities. located in
regions of less snowfall, showed no variation
from summer to winter.

Although the effect of snow cover on measure-
ments can be substantial, the overall influence on
population exposure is assumed to be negligible
in the United States. In most populated areas,
there is relatively little snowfall, and it does not
remain for long periods of time. In addition to
these factors, the propensity for indoor urban
living, and rapid removal of snow in most popu-
lated areas in the United States, tend to reduce
the significance of snow buildup as an attenuator
of terrestrial gamma sources.

In addition to the variation in the source term
(terrestrial gamma-ray sources), there are also
other factors which affect the exposure of man to
natural radiation. Examples of such factors are
man’s choice of home—elevation, geology, and
building material. In addition, shielding provided
by the body attenuates the dose to internal or-
gans. These factors will be discussed in chapter 4.

3.3. Measurements

3.3.1. Ground surveys

A summary of ground surveys of natural ter-
restrial radiation in the United States is pre-
sented in table 10, Lowder and Solon (1956) re-
viewed several isolated background measurements
made prior to that time, but the more extensive
measurements have been reported since 1956. The
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Table 10. Ground surveys of background radiation in the United States

Value
Reference Location Instrumentation (mrem/yr.) Remarks
Xolon, 1960 33 lU.S. towns and Ion chamber * 73-197 120 measurements
cltiex
Stephens et al., 30 locations near Portable scintilla- ¢ 39-108
1961 San Francisco tor
Beck et al.. 1964n, Approx. 210 loca- Spectrometer and +-180 2-3 measurements/location, some taken

1964b, 1966a, tions in 25 States lon chamber

1966b

Sewall and Reed, New Hampshire, Personal dosime-
1964 Yermont ters (fon cham-
bers)
Lowder and Condon, New Hampshire, Spectrometer
1965 Vermont Portable sefntilla-
tor
Wollenberg et al., 30 locations near | Portable scintilla-
1969 San Franclzco tor
(same as  Ste-
phens et al.,
1961)
Levin et al.,, 1968 1102 towms In 24 Portable scintilla-
States tor
Golden, J., 1968 Florlda—vleinity of

Portable scintilla-
phosphate beds t
Boston, Mass.

or
Yeates et al., 1870 Ion chamber

Thermolumines-

Lindeken et al.,
1971 cent dosimeters

Livermore, Calif..
inside 110 homes

(From 1966b in different years
£

ref.
2119-171 400 people; performed concurrently

with Lowder and Condon (19635)

45-95 Qutdoors
0.7 X outdoor Indoors—160 homes and sapartments
values

2 35-102

s 39-116 9026 measurements; all States were
east of the Mississippl River except
Towa, Minnesota, and Colorado

s 59-115 1,161 measurements, majority in south-
western Polk County

s 83-121 6 measurements outdoors

1 61-105 13 measurements/8 frame dwelllngs

2 81-114 3 measurements/3 apts.

= 73-118 16 measurements/4 office bldgs.

a8 32-73 All frame homes except 4

® Values include response to terrestrial and cosmic radiation, those not footnoted, the values are terrestrial component only.

authors cited in table 10 have frequently re-
ported their results in more than one article; an
attempt has been made to cite the most compre-
hensive reference for each set of measurements.

The usefulness of the various measurements in
table 10 for estimating population exposure varies
considerably, and the reported measurements will
be used to illustrate several limitations on making
such estimates. Ideally, an estimate of exposure
to people should rely upon measurements as close
as possible to the receptor, i.e., personal dosime-
ters. The measurement of background radiation
strains the detection capability of most dosime-
ters, however, and this difficulty is compounded
by the exposure which is received by the dosime-
ter while it is not being worn—at night or en
route from user to reader. Therefore, unless rela-
tively small differences of exposure in a popula-
tion are being studied and good control over the
experiment exists, as in an epidemiological study
(Segall and Reed, 1964), it is simpler and per-
haps more accurate to take environmental meas-
urements and estimate population exposure.

In order for population exposure estimates to
be made from environmental measurements, it
would be desirable for the measurements to be
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distributed according to population density—
large cities having the most mecasurements and
rural areas having the least. The data in table 10
generally do not satisfy this criterion, but in fair-
ness to the investigators it should be noted that
no one had as his primary goal the estimation of
population exposure for the entire United States.
The measurements by Beck et al. (1964ab,
1966ab), Solon (1960), Stephens et al. (1961),
and Wollenberg et al. (1969) resulted from an
initial interest in the impact of nuclear weapons
fallout on man’s radiation exposure. In contrast
to this, the data of Lowder and Condon (1965)
and Yeates et al. (1970) were obtained because
of the authors’ interest in natural background
radiation. These latter data are useful in estimat-
Ing population exposure, but only for a relatively
small proportion of the total U.S. population.
The choice of instrumentation in environmental
surveys of background radiation has also influ-
enced the utility of the data. As one would ex-
pect, the most comprehensive data would be
obtained by using more than one instrument at
each measurement site. This technique is exem-
plified by the data of Beck et al. (1964ab,
1966ab), who generally obtained spectral data



and an ion chamber reading at each location.
The spectral data were especially important for
interpreting measurements obtained in the first
half of the 1960°s, when work by Beck et al, wa-
accomplished. In addition to allowing for an
estimation of the contribution of potassium-10,
thorium-232, and uranium-238 to the total terres-
trial DE, the contribution of nuclear weapons
fallout to the total DI could be estimated with
the spectrometer data. The significance of fallout
will be discussed later in this -ection.

Several investigators have nsed portable scin-
tillation detectors for measuring natural back-
ground. These small, hand-held instruments allow
the user to make several measurements in the
time it would take to obtain ion chamber and
spectrum measurements at one location. Unfor-
tunately sodium iodide (Nal) detectors, the scin-
tillating medium, do not detect cosmic radiation
as efficiently as gamma radiation. In using a 3-
by 5-inch detector with a high energy cutoff of
8.4 MeV, Beck et al. (1964h) found that the sea-
level cosmic ray contribution to the energy spec-
trum was equivalent to a gamma-ray DE of 0.2
prem/hr. instead of the expected value of approx-
imately 3.7 prem/hr. In a similar study using
several energy bands with a 4- by 4-inch detector,
Beck et al. (1966a) observed a gamma-ray re-
sponse of less than 0.5 prem/hr. up to 6.000 feet.
This figure is based on the response of scveral
energy bands of less than 3.4 MeV, but it is also
indicative of the lack of detector response to cos-
mic rays. Another limitation on the uxe of port-
able scintillators is the strong directional depend-
ence of the detector (see Ohlsen, 1969). However,
this limitation can be overcome by maintaining
the same detector orientation during calibration
and measurements.

Notwithstanding the limitations which have
been discussed, it seems desirable to report in
more detail the scintillometer measurements by
Levin et al. (1968), since they greatly outnumber
all other U.S. measurements combined. Levin does
not report the averages for the states in which
measurements were obtained, ostensibly becaunse
of the fact that measured sites were not neces-
sarily representative of the entire State. How-
ever, the averages have been computed from his
reported data and are presented in table 11. .\s

Table 11. Dose equivalent measurements in 2§ States,
adapted from Levin et al. (196%)
Number of
State measureinents Towne mrew /3
Colorado o __.. TH0 11 117
Michigan _____ 2,854 24 e
Minnexota o_o___ 1,014 1= 6
Counecticut ___ 22y a6 =
Delaware _____ 41 10 -1
Florida e 8749 250 et}
Georgla ______. 319 01 »iy
Ilnols _______ 4494 67 'S
Jowa _________ 48K 6 e
Kentucky 82 a0 ~3
Maine ________ 301 ~7 ~7
Marytand L3t 22 3
Massachusetts _ 326 as ~7
North ¢‘arolina_ 2UN 67 72
New Hampshire_ 63 11 90
New Jersey ____ 1492 He €=
New York _____ 1494 4 k]
Ohto _______.___ 4 + ~1
Pennsylvania __ 53 10 az
Rhode Island __ 31 4 83
South Carolina- 197 30 71
Tennessee _____ 34 20 L
Vermont ______ 13 3 ~n
Virginla ______ ¢ 151 43 o
Total —_._..__. 0.026 1.102 7T
* Mean.

Extreme values: East of Facil, Fla., 30 mrem/sr.. Ft
Morgan, Colo., 125 mrem/yr.

can be seen from table 11. the means vary by as=
much as a factor of two—from 6.76 prem/hr. (30
mren ‘yr.) in Florida to 13.32 urem/hr. (117
mrem yr.) in Colorado.

The response to cosmic rays of the detector
used by Levin et al. (196%) i= unknown. Since
these authors reported that frequent intercom-
parisons of measurements with an ion chamber
(see Kastner et al., 1963) were made in the field.
it 1s likely that the reported values are repre-
sentative of the terrestrial, fallout. and cosmic
radiation. Levin's observation was that “the read-
ing< were within 4 percent of the ionization
chamber readings 95 percent of the time.

3.3.2. Dose equivalent rate due to fallout

The presence of fission products on the ground
from nuclear weapons testing complicates the
interpretation of terrestrial DE rate measure-
ments obtained during the late 1950 and the
early and middle 1960%s. Unless spectrometric
measurements are made, the DE contribution
from fallout cannot be accurately assessed. This
could be a source of varying error. since fallout
contributed a DE of a magnitude similar to that
from terrestrial sources in 1962 to 1963, whereas
more recent measurements show the DE rate
from fallout to be approximately 5 to 15 percent
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of the natural terrestrial DE rate (McLaughlin,
1970).

An estimate of the external DE rate due to
fallout is presented in figure 11. The figure is
based upon estimates and measurements in the
United States; the two solid lines define a range
in which most measurements would be expected
to fall, and the dashed line represents the best
estimate for making a fallout correction to non-
spectrometric dose measurements,

L1101l

DOSE EQUIVALENT RATE DUE TO FALLOUT ( /REM - HR )

HIGHEST 7
AND LOWEST
ESTIMATES
e e VALUE USED
FOR CORRECTION -

YEAR

Figure 11. Dose equivalent rate due to fallout in the
United States, 1958-1971

For purposes of making corrections, it would
be desirable to know the local and countrywide
variations in fallout dose rate. It has been shown,
for example, that variations in fallout deposition
are closely related to precipitation and, as a re-
sult, wet areas (i.e., areas of higher precipitation)
receive more fallout than dry areas (Straub et al.,
1964). Unfortunately, existing data are not suffi-
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ciently detailed to justify making more than one
estimate of the DE rate contributed by fallout
at a given time in the United States.

Fallout measurements by Beck (1966a) sug-
gest more uniformity in fallout DE rates across
the United States than would be expected from
rainfall patterns. For example, measurements in
relatively “dry” States (Wyoming, Nevada,
Utah) varied between 0.6 to 1.5 prem/hr. in 1965,
and at approximately the same time measure-
ments in “wet™ States (Louisiana, South Caro-
lina, North Carolina) varied between 0.7 and 1.3
prem/hr. However, too few measurements are
reported to allow a conclusion as to how the
fallout DE rate varied across the country.

Three different procedures were used in de-
veloping figure 11. These are as follows:

1958 to 1962: The range of values was obtained
from UNSCEAR (1964), figure 32. The correc-
tion values are 54 percent of the maximum value.
This correction is based on a composite of 67
measurements in the U'nited States between 1962
to 1965 (Beck et al., 1964a, 1966a).

1962 to 1965: The range of values and the
averages are based on the same measurements by
Beck et al. (1964a, 1966a).

1966 to present: The 1965 values of Beck et al.
(1966a) show that 25 percent of the fallout dose
rate was due to ruthenium-106 and manganese-54
and 75 percent was due to cesium-137. The post-
1965 values are based on the assumption that the
925 percent portion decayed with the half-life of
1 year and the 75 percent portion decayed with a
half-life of 28 years. The resulting range of
values is consistent with fallout measurements
in the northern hemisphere (UNSCEAR, 1966),
in San Francisco (Wollenberg et al., 1969), and
in the eastern United States (McLaughlin, 1970)
during this time. Some fresh fission products have
been added in this interval as a result of French
and Chinese weapons tests, but their contribution
to the total is negligible.

3.3.3. Aerial surveys

The U.S. Atomic Energy Commission has spon-
sored nationwide aerial surveys of radioactivity
in the vicinity of nuclear facilities, During 1958
to 1963, Aerial Radiological Measurement Sur-
veys (ARMS) were conducted (by the U.S.



Geological Survey and E.G.&G., Inc.) over ap-
proximately 25 areas which are shown in figure
12. A few additional areas have been surveyed
but are not included in this analysis because of
their relatively small size and sparse population.

In the course of reviewing available sources
of information on natural radiation sources, it
was found that none of the published ARMS data
had been used for estimating population expo-
sure. As a first step in determining if the data
would be useful for this purpose, the population
of each survey area (table 12) was estimated
from U.S. Census Bureau Map G.E. 50, No. 1,
1963. It was found that approximately 30 percent
of the U.S. population (1960 census) resided in
the survey areas, and thus it was concluded that

the ARMS data would be potentially useful for
making exposure estimates.

Details of the purpose and procedures of th:
ARMS surveys are presented in the reports listed
in table 12 (or see Guillou, 1964); however, a
brief description is presented here in order to
introduce the measurements. The standard ARMS
survey covered an area of 10,000 square miles
encompassing a nuclear facility, although there
is some variation in areas covered depending on
the site location in relation to mountains and
oceans. The surveys were intended to provide in-
formation on radiation levels in the vicinity of
nuclear installations, so that future releases of
radioactive material to the environment from the
facilities could be detected. This naturally raises
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Figure 12.
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Table 12. Population in ARMS areas
Population
Reference Area (figure 10) {est, 1960)
Rates (1962) Oak Ridge, Tenn 922,734
Rates (1963) Idaho Falls, Iduho {NRTS) 130,000
Bates (1966a) Pittsburgh, Pa. 3,853,622
Bates (14966b) Columbus, Ohio 2,108,564
Buooks (1962) - | Los Angeles, Calif. 6,768,791
Books (1966% oo ___ San Francisco, Calif. 4,386,992
Flint and Pitkin (1970} _ Chicago, Ill, 6,881,320
Guillou (1963a}) --- Camden, N.J.-Philadelphia, Pa. 4,741,296
Gulllou (18963b) .. Norfolk, Va. 1,096,699
Guillou (1963c) ___ Gnlveston Tex. 1,508,180
Guillou et al. (1963) Z | Las Vegas, Nes. 129,427
Guillou (1965) Santa Barbara, Calif. (Arguello) 202,740
Guillou (1966a) -- | Parr, 8.C, 602,601
Guillou (1966b) - Orlando, Fla. 40,
Guillou (1966¢) Cinelnnatl, Ohlo 3,721,910
Guillou (1966d) Albuguerque, N.Mex. 61,216
MacKallor (1962) Atlanta, Ga. (GNL) 1,458,125
MacKallor (1965) Gnome-Carisbad, N.Mex. 110,000
Neuschel (1966) —o-. Washington, D.C. (Ft. Belvolr) 3,777.371
Neuschel (1970) Minneapolis, Minn. (Elk River) 2.027,143
Popence (1964) - | New Ingland (North) 2,082,976
Popenoce (1966a) New England (South) ,354,72:
Popenoe (1966b) Denver, Colo. (Rocky Flats) 1,073,624
Sehmidt (1962a) Augusta, Ga. (Savannah) 423,698
Schmidt (1962b) Richland, Wash. (Hanford) 350,000
Total 54,614,726

the question as to the influence of the facilities
on their environs prior to the initial aerial sur-
vey. In general, the facilities occupy consider-
ably less than 1 percent of the surveyed areas,
and there were no reported or obvious patterns
of radionuclide deposition around the facilities.
In some instances measurements directly over
plant facilities were affected, and in these cases
the natural radioactivity was inferred from loeal
geology. For example, the aerial effluent from an
operating reactor at the \E(C's Brookhaven Lab-
oratory was detected (Popenoe, 1966a), but the
author corrected for this effect on the radioac-
tivity map.

Sodium iodide (Nal) scintillation detectors
were mounted in the bottom of the survey air-
craft, which were flown at 500 feet over the sur-
veyed terrain on traverses spaced 1 mile apart.
Although different aireraft and detcctors were
flown by the U.S. Geological Survey and
E.G.&G., Inc., the results from the two systems
are compatible (Guillou, 1964). Count rate data
were corrected for the influence of cosmic radia-
tion and then were used to plot contour maps of
the gamma-ray count rate resulting from terres-
trial sources: the maps accompany the respective
ARMS reports. Several weeks were required to
survey most of the areas, although longer times
were occasionally reported.

In this study, histograms of terrestrial DE
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rates for each ARMS area were developed from
the contour maps in the following manner. Each
area map contained up to several hundred dis-
tinet radioactivity segments, which were traced
onto Keuffel and Esser .\lbanene tracing paper
(thickness = 0.0025 in., 37.92 mg/in.?, S.D. =
1.15 mg/in.?). Contour segments were then cut
and weighed, the weight being proportional to
the portion of the area in each radioactivity con-
tour. Radioactivity data obtained over lakes, res-
ervoirs, and swamps were deleted, since these
areas will not ordinarily contribute to population
exposure.

Conversion from cps detected at 500 feet in the
aircraft to DE rate at 3 feet above ground was
not performed in the ARMS reports. .\ conver-
sion factor of 1 prem/hr. at 3 feet from 25 c¢px
at 500 feet (for cesium-137, 0.662 MeV gamma
ray) is reported in many of the ARMS reports
and is based on the work of Davis and Reinhardt
(1962). It should be noted that the monoenergetic
emission of cesium-137 is probably not repre-
sentative of the wide spectrum of energies ob-
served in radiation from natural radionuclides.
A low energy component from scattered radia-
tion is especially prominent with these nuclides.
In addition, the conversion factor obtained by
Davis and Reinhardt is based on flights over dis-
tributed point sources on the surface of the
ground rather than over a uniform volume source



such as natural terrestrial radioactivity. Thus, it
does not appear valid to use this conversion (25
cps = 1 prem/hr.) for terrestrial DE rates due
to natural background radiation. In addition, un-
published experimental work by K. Larsen (Uni-
versity of California at Los Angeles) is quoted
in the ARMS reports in relation to the contri-
bution from fallout. Larsen is quoted by Popenoe
(1966a) as stating that “ .. a count rate of
approximately 77,000 cps measured at 500 feet
above the ground by Geological Survey equip-
ment over an infinite fallout source is equivalent
to 1 mR/hr. measured at three feet above the
ground ...” or 77 cps = 1 wrem/hr. This
value was used in conjunction with figure 11 in
order to correct the ARMS data for fallout con-
tribution. Fourteen areas had fallout corrections
of less than 1 prem/hr., whereas the fallout DE
vate in 11 areas was greater than 1 uyrem/hr.
Ground measurements were compared with
gerial data from several locations in order to
arrive at a conversion for natural emitters.
There are four separate determinations of this
conversion :
1. MacKallor (1962), based on a comparison of
ground survey and aerial measurements, found
a conversion of 47 cps (500 feet) — 1 prem/hr.
at 3 feet. However, the ground and air meas-
urements were taken 115 years apart, during
which time the dose contribution to fallout
changed by 1.6 prem/hr. When this difference
is accounted for, the conversion is 76 cps =
1 prem/hr.
2.Levin et al. (1968) reported an average DE
rate of 8.5 urem/hr. in Vittle Falls, Minn. (76
measurements) ; the ARMS data map (Neu-
schel, 1970) for this location presents an aver-
age of 275 cps. To compare the two, 0.9
prem/hr. (fallout in summer of 1965 from
figure 11) and 4.3 urem/hr. (ionizing compo-
nent of cosmic radiation) were subtracted from
the ground value; the fallout value from figure
11 in the summer of 1961 was 0.3 grem/hr.
or 0.3 X 77 = 23 cps. Thus,

215-28  T6.cps
85— (09F43) _ 1 prem/hr.

3. A similar comparison was made from Levin

et al. (1968) and Neuschel (1970) for Falcon
Heights, Minn. In this case, the conversion was

325—-23 _ 90ecps
8.6—(0.9+43) = 1 urem/hr.

4. A total of 16 terrestrial measurements, cor-
rected for fallout (Beck et al., 196{a, 1966a),
were obtained in Denver, Colo., in 1962, 1963,
and 1965. The average DE rate was 116
prem/hr. The ARMS map for this area gives
a value of 850 cps in the vicinity of Denver,
and the fallout contribution during the ARMS
study was 0.37 prem/hr., or 28 cps. The con-
version value is thus

‘850—28 _ Tileps
116 1 prem/hr.

Based on the comparison of aerial and ground
data, a factor of 78 cps at 500 feet = 1 uprem/hr.
at 3 feet was assumed for converting the aerial
data to dose values at the 3-foot level. In apply-
ing this factor to the data of all ARMS areas,
it is assumed that the source spectra do not
change significantly across the United States,
Le., the relative contributions of potassium-40,
uranium-238, and thorium-232 do not change dras-
tically. This assumption is supported by the
countrywide spectromstric surveys of Beck et al.
(1964ab, 1966a). In addition, the utility of aerial
survey data has been enhanced by the demon-
stration. that the DE rates from potassium-40,
uranium-238, and thorium-232 show almost ex-
actly the same variation with height (Beck and
La Planque, 1968).

The procedure in analyzing the aerial data may
then be summarized as follows:

-

counts/sec. at 500 ft. minus fallout correction
78 c¢ps/prem/hr.

= prem/hr. at 3 ft.

The data were then grouped in 2 prem/hr. inter-
vals in order to arrive at figures 13, which pre-
sent the percent of each ARMS area vs. DE
rate. The average DE rates of the ARMS areas
varied from 1.51 grem/hr. in the Orlando, Fla.
area to 10.23 prem/hr. in the Rocky Flats-Denver,
Colo., area.
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Each histogram covers between 98 to 100 per-
cent of the respective ARMS area with the excep-
tion of Las Vegas, which covers 95.2 percent of
the area. The totals do not add up to 100 percent
in each case since the count rate data for 1 to
2 percent of some areas were presented in very
broad contours (i.e., 1,200 to 4,000 cps) relative
to the rest of the map data. In general, the
omitted portions covered unpopulated areas such
as mountainous terrain. The highest count rate
found in the ARMS data occurred in the Las
Vegas area (Guillou et al., 1963) and the Albu-
querque area (Guillou, 1966d), where a maximum
of 4,000 cps was observed (50 prem/hr.). In both
cases the locations were unpopulated; the Albu-
querque area maximum occurred in the vicinity
of a uranium mine.

The original ARMS data are grouped in count
intervals which commence at zero cps, and this is
reflected in the histograms, which in most in-
stances commence at a zero DE rate. Therefore,
it should be noted that the zero DE rate repre-
sents the lower limit of the ARMS reporting
method rather than an actual estimate of DE
rate. The mean DE of each area was computed
by assuming that the midpoint of each DE inter-
val (1, 8, 5, etc.) was representative of the DE
for the respective interval, and the means are
designated by arrows on figure 13.

By weighting the individual distributions of
figure 13 by the population of each area, a sum-
mary histogram was obtained (figure 14), of
which the mean is 5.0 yrem/hr., or 44 mrem/yr.
As shown in table 11, the overall mean of 9,026
measurements by Levin et al. (1968) is 77
mrem/yr. If the ionizing component of cosmic
radiation is assumed to account for 36 mremy/yr.,
then the terrestrial DE is 41 mrem/yr., which
compares well with the mean obtained from the
ARMS data. A summary of 210 ground survey
measurements (Beck, 1966b) also is presented in
figure 14, and, as can be seen, the mean is ap-
proximately 40 percent higher than the valuo
derived from the ARMS data. The locations of
Beck’s (1966b) measurements are not given:
however, the measurements are a summary of
data reported in Beck et al. (1964ab, 1966a). The
latter references include 16 measurements (rang-
ing from 7.1 to 15.2 prem/hr.) in the relatively

high background area of Denver and measure-
ments over unpopulated granitic outcrops in
North Carolina; this could explain the higher
overall mean.

Three distinct areas of terrestrial radiation are
evident from an analysis of the ARMS data.
First, the Coastal Plain, bordering the Atlantic
Ocean and the Gulf of Mexico, has a terrestrial
radiation level of approximately half the U.S.
average. This is partially evident from the mean
exposure of three areas lying entirely on the
plain: Norfolk (3.09 grem/hr.), Orlando (1.51
prem/hr.) and Galveston (2.26 prem/hr.). The
Coastal Plain includes marine deposits of Qua-
ternary, Tertiary and Late Cretaceous age (Neu-
schel, 1966;.Schmidt, 1967a) and is shown in
figure 12.

Neuschel and Schmidt observed in their re-
spective reports of ARMS surveys (YWashington,
D.C., and the AEC's Savannah River plant) that
the portion of the area on the Coastal Plain was
considerably less radioactive than the rest of the
area. In order to quantitate this observation, the
radiation levels of four areas which straddle
the Coastal Plain were studied in more detail.
Table 13 summarizes the DE rates of the total
and partial Coastal Plain area. It is interesting to
note that the average radiation level in the non-
Coastal Plain portion of the mixed areas is simi-
lar to the U.S. average.

Table 13. Dose equivalent rates in areas on or straddling
the Coastal Plain

Mean dose equivalent rates
(arem/hr.)
Non-
Coastal | Coastal { Entire
Area Plain Plain area
Camden-Philadelphia oo 19 49 e
Washington, D.C.~Fort Belvoir __ 3.2 5.0 4.1
Norfolk 3.1 3.2
Parr 29 4.0 3.8
Savannah River «ceeermeemeen 3.5 68 39
Orlando 15 1.5
Galveston . weweocmccmamem e 23 2
Average 2.6 4.9 31

In order to compare the Coastal Plain and non-
Coastal Plain regions graphically (excluding the
Denver ARMS data), the ARMS data for each
region were population-weighted in the same
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manner that was used to obtain figure 14, and the
resulting distributions are presented in figure
15. As can be seen, the DE in approximately 80
percent of the Coastal Plain area is less than 4
prem/hr. (85 mrem/yr.), whereas most of the
non-Coastal Plain (64 percent) lies in the range
4 to 8 prem/hr. (35 to 70 mrem/yr.).
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Figure 15. Dose equivalent from terrestrial sources
in Coastal and non-Coastal Plain regions

The areas of table 13 are all on the Atlantic
Coastal Plain except Galveston, and therefdre it
is assumed with less certainty that the Gulf
Coastal Plain follows the pattern of lower radio-
activity that was observed in the Atlantic Coastal
Plain. The natural radioactivity of Gulf and
Atlantic beach sands has been shown to be rela-
tively uniform (Mahdavi, 1964); yet this fact
can probably not be related to the radioactivity
of the entire Coastal Plain since Mahdavi’s sam-
ples were taken on and near the beaches. Signifi-
cant uranium ore deposits exist in the Tertiary
portion of the Coastal Plain of south Texas
(Finch, 1967), and the deposits may be reflected

in increased radiation levels over the region of
the deposits. There are no reported measurements
in the region, which is sparsely populated, and
there are no other significant deposits in the en-
tire Coastal Plain. Recognizing the limitations on
data from the Gulf Coastal Plain, it will be
assumed that the Gulf and Atlantic Coastal
Plains follow the same pattern of producing low
terrestrial radiation exposures. This assumption
is based primarily upon the fact that both areas
have similar geology, i.e., marine sediments de-
posited since the late Cretaceous age.

The second region of the United States, which
stands apart from the rest, ijs the Denver region
of Colorado. Based on the ARMS data analysis,
the mean tefrestrial DE rate for the Denver area
is 10.2 prem/hr. This is approximately 40 percent
higher than the next highest value of 7.3 urem/
hr. (Albuquerque area) and twice the average
of all the ARMS areas. Phair and Gottfried
(1964) found that levels of uranium and tho-
rium were twice the normal crustal concentra-
tions over a 7,000 square mile area along the
Colorado Front Range. Furthermore, they ob-
served that the Front Range was the only large
area in the United States in which the uranium
and thorium concentrations in bedrock were con-
sistently above average. Much of the Denver sur-
vey area is over alluvia derived from the Front
Range, and the aerial data and the previously
mentioned ground data (Beck et al, 1964a,
1966a) corroborate the measurements of Phair
and Gottfried (1964). There is no evidence to
suggest that other areas of higher terrestrial
radiation and comparable size to the Front Range
exist in the United States.

Levin et al. (1968) obtained ground readings
in 11 Colorado towns, none of which were in the
Denver ARMS area. They found terrestrial +
cosmic + fallout DE rates of 116 to 146
prem/hr.; the average of all Colorado measure-
ments was 13.3 prem/hr. If cosmic radiation
and fallout (1966) are assumed to result in 7.3
prem/hr., then the average terrestrial DE in
Colorado outside the ARMS area is about 6.0
prem/hr., which is similar to the values ob-
tained in many of the ARMS areas. It is
not suggested that natural background levels
vary according to political units. The fact is,
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however, that New Mexico, Colorado, UTtah, and
Wyoming are the principal uranium ore-bearing
States (Finch, 1967), and it is not surprising that
areas on alluvia derived from ore-rich regions
would have higher background radiation levels.

If the Coastal Plain and Colorado may be con-
sidered as the location of low and high values of
terrestrial radiation, than the balance of the
United States represents a vast Middle America,
radiologically speaking. A summary of ARMS-
derived DE rates due to terrestrial sources is
presented in table 14, and these estimates will be
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used in chapter £ to compute the total DE due
to natural radiation.

Table 14. Dose equivalent rate from terrestrial sources
based on population-weighted ARMS data

Population Dose

covered by equivalent

Area ARMS (1960) (mrem/yr.)
Coastal Plaln wc 6,739,772 22.8

Non-Coastal Plaln (excluding

Denver) coeecccmmen 46,781,330 45.6
Denver - 1,073,624 89.7
ATETAE 43.7




CHAPTER 4. NATURAL RADIATION EXPOSURE OF THE U.S.
POPULATION

In the preceding chapters, two major natural
contributors to population DE have been consid-
ered. These are (a) cosmic radiation and (b)
terrestrial radiation. In order to calculate an
average and range of external DE in the United
States, it is necessary to consider the influence
of population distribution on exposure from each
of these two sources. Initial calculations are di-
rected to the determination of external radiation
DE from these two sources outdoors, and these
estimates will then be modified in this chapter
to consider the influence of housing construction
and man’s biological shielding on DE to the
gonads and bone marrow.

4.1. External Sources

The calculation of DE from external sources
has been performed by considering the popula-
tion to be located in either urbanized or non-
urbanized areas; an urbanized area, as described
by the U.S. Census Bureau, is a city (including
suburbs) which has a total population of more
than 50,000. As of the 1960 census, there were 213
urbanized areas in the United States, some of
which overlap adjoining States. The nonurban-
ized areas of the 50 States are treated as addi-
tional segments. Thirteen of the 50 States lie
partially on the Coastal Plain as shown in figure
12. Each of these States contains two nonurban-
ized segments corresponding to the Coastal Plain
and non-Coastal Plain portions, and thus there
are 50 + 13 = 63 nonurbanized segments. The
total number of areas is 810, 247 of which are
urbanized and 63 of which are nonurbanized.

Urbanized and nonurbanized areas were se-
lected as the basis for the model because they

provide the potential for updating exposure esti-
mates in the future as new census data become
available. As a secondary reason, manmade
sources of Tadiation are concentrated around
urban areas (hospital use of x rays and radio-
nuclides and nuclear power reactors), and this
model may facilitate the computation of total
natural and manmade radiation exposure.

For each population segment, the cosmic ray
(ionizing and neutron components), terrestrial,
and total external radiation DE rates have been
calculated. The cosmic ray DE rates due to ioniz-
ing and neutron radiation were calculated based
on the elevation of each segment and the data
presented in figure 6. The terrestrial DE rates
for each population segment were assigned on the
basis of general estimates from table 14, except
in the case of those urbanized areas (49) which
lie within the boundaries of ARMS areas. These
areas have been assigned a DE which was ob-
tained by converting the measured count rate in
the same manner as discussed in Chapter 3.

The results of the computations for each area
are shown in appendix A, tables A-1 and A-2,
and a summary of DE estimates is presented in
table 15. The data in the table are presented .n
two different ways, urbanized vs. nonurbanized
areas and Coastal Plain vs. non-Coastal Plain.
First, the mean and ranges of data for urbanized
areas and nonurbanized areas are given. The most
significant difference in the two groups is the
average and range of elevations; urbanized areas
range in elevation from 5 feet (New Orleans.
La.) to 5980 feet (Colorado Springs, Colo.).
whereas the nonurbanized population lives in
areas ranging up to 10,500 feet (Leadville, Colo.,
and vicinity). The terrestrial DE ranges from
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Table 15. Deose equivalent outdoors from terrestrial and cosmic radiation (1960 census)

Populated eleva. Cosmic ray DE Terrestrlal DE 2 Total external Inte-d

tion (feet) (mrem/yr.) (mrem/yr.) DE® (mrem/yr.) I!):éa(tg d

Population Mean Range Mean Range Mean Range Mean Range |man-rem)
Urbanized areas _______ 45,848,487 481 5-5,980 43 40-83 41 0-120 83 40 200 8.0
Nonurbanized areas —-__| 83,474,688 965 0-10,500 45 40-160 40 0-120 85 40-300 7.1
Coastal Plain oo __ 32,140,217 170 0-400 41 10-42 24 0-80 85 40-130 21
Non-Coastal Plafn —___ 147,182,058 824 0-10,500 44 40-160 44 0-120 88 40-300 13.0
UN summiry aocoooo__ 179,323,715 707 0-10,500 44 40-160 40 0-120 84 40-300 15.1

* Lower and upper limit: correspond to values presented in figure 15.
b Totals are based upon the combination of cosmic ray and ter restrial DE. The DE's for the nonurbanized and non-Coastal Plain
areas, and the total U'nited States, have been rounded off to 300 mrem/yr.

approximately 10 mrem/yr. (12 mrem/yr. in
Orlando, Fla.) to 92 mrem/yr. {Denver, Colo.).
At present, there is no reason to indicate that
the populations of urbanized and nonurbanized
areas have different exposures to terrestrial
sources. A similar conclusion was reported by
Segall and Reed (1964}, who found no difference
in DE to residents of urban and rural regions in
New Hampshire and Vermont. The total DE due
to external sources is also practically the same
for both areas, and the difference in integrated
exposure (man-rem) is due to the difference in
population of each group.

It is interesting to note from table A-1 that
the lowest cosmic and terrestrial DE estimates
both occur in areas on the Coastal Plain, and the
highest values of each occur in Colorado. For this
reason the results have also been divided into the
Coastal Plain and non-Coastal Plain regions;
Denver has been placed in the latter category in
this classification. As can be seen, there is a large
difference in the ranges of cosmic and terrestrial
DE in both regions. Although the mean of cosmic
radiation DE is approximately the same in both
regions, it can be seen that the range of DE in the
non-Coastal Plain (40 to 160 mrem/yr.) is much
greater than the range in the Coastal Plain (40
to 42 mrem/yr.). In contrast to this, the mean
terrestrial DE of the non-Coastal Plain region is
nearly twice that of the Coastal Plain. This is as
expected, since the terrestrial DE estimates are
based on the results of the ARMS surveys which
were summarized in the previous chapter. As a
result of the difference in terrestrial DE, there
is considerable difference in the total DE of the
two regions. The differences in total DE, in addi-
tion to the fact that the Coastal Plain holds only
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18 percent of the population, are reflected in the
larger integrated DE (man-rem) of the non-
Coastal Plain population.

Summary data for the entire United States are
presented in the last line of table 15. .\s can be
scen, the average DE of the population due to
terrestrial and cosmic ray sources is 8+ mrem/yr.;
this value will be used to calculate the gonadal
DE in section 4.4. The distribution of the popu-
lation vs. external radiation levels is presented
in figure 16. In order to determine the overall
distribution of population DE in figure 16, the
terrestrial DE in each population segment was
assumed to be distributed as shown in figure 15,
except for those segments in ARMS areas for
which the terrestrial DE could be directly esti-
mated. In other words, those population segments
in table A-1 for which a general estimate of ter-
restrial DE is given (22.8 or 45.6 mrem/yr.)
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Figure 16. Population distribution vs, dose equivalent

from terrestrial and cosmic radiation



were assumed to have a variation in terrestrial
DE as shown in figure 15. A cumulative distribu-
tion of population vs, DE is presented in figure
17. As can be seen, virtually the entire population
receives Iess than 170 mrem/yr.
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Figure 17. Cumulative distribution of population vs.
dose equivalent from terrestrial and cosmic rediation

The distribution in figure 16 should be re-
garded as an approximation of the population
distribution vs. external DE since the distribu-
tion is based upon aerial surveys of terrestrial
DE rather than on estimates of population DE
within the survey areas. It should also be noted
that the distribution is based on the two quite
different distributions of terrestrial DE in the
Coastal and non-Coastal Plain regions, as shown

in figure 15. The contribution of the Coastal
Plain distribution of terrestrial DE, which is
skewed strongly to the right, is muted in figure
16 since only 18 percent of the population resides
in the Coastal Plain.

4.2. Attenuation of External Sources

The estimate of man’s DE which was presented
in section 4.1 is that due to natural external radi-
ation sources and is based on outdoor measure-
ments. In this section, the effect on the DE of
housing construction materials, biological shield-
ing and the contribution of internal emitters,
principally potassium-40, will be discussed.

4.2.1. Housing

Inasmuch as man spends most of his time in-
doors, the nature of construction materials will
influence his exposure to natural sources. In gen-
eral, the interiors of stone houses have the highest
exposure rates; brick and frame houses have the
next highest. The amount of time spent indoors
will, of course, determine the importance of con-
struction materials as a source. Estimates of both
factors, time and the amount of natural radio-
activity in building materials, are based on rela-
tively little data, and probably represent the
greatest uncertainty in estimating man’s exposure
to natural sources.

A summary of indoor measurements is pre-
sented in table 16. As can be seen, exposures in

Table 16. Ratio of indoor to outdoor dose equivalent

Building material

Ratio of indoor/outdoor
DE (%)

Country and reference (outer walls) Remarks
United Stal
Solon et a.l. (1960) __________ Frame, brick, and stone apart- Approx. 80-100 17 dwellings
United States ments and houses
Eal::vader and Condon (1965) .. | Mostly wood frame 70 160 single homes
ermany :
Ohlsen (1969) oo alf-frame 18 667 Indoor measurements
hlsen (1969) Pre-1045 :_‘lmke lgg
brlgk 12 Single homes and apartments
Post-1945 {prefabricated 33
mixed [
All bulldings 82
Poll'z:‘:l:o et al. (1969) Concrete and brick 102 732 measarements In 97 new
"""" apartments
United States
5 single homes, 1st floor
Yeates et n,l (1970) cccmmeee g;ﬁa&e b &amnent. Sud B0t
Steel and concrete 87-108 ce bulldings
Ut intes; Mostly wood frame (96%) k¢ 110 single homes

Lindeken et al. (1871) oo




frame dwellings are 70 to 80 percent of outdoor
values. In masonry buildings the percentage is
somewhat higher (80 to 106 percent), which indi-
cates that the DE from nuclides in the building
material partially offsets the attenuation of out-
door terrestrial sources. It is interesting to note
that the second-floor measurements by Yeates et
al. (1970) in single family frame houses aver-
aged 81 percent of the first-floor measurements,
In a multistory building of masonry construetion,
however, there is no apparent variation of the
DE with height in the building (Ohlsen, 1970;
Pensko et al., 1969). The comprehensive measure-
ments by Ohlsen indicate that buildings of more
recent construction (since 1945) tend to have
lower indoor DE rates than older buildings,
at least in the German Democratic Republic
(DDR). Although buildings of “mixed™ con-
struction materials may include a number of
variations, the low inside DE ratio for this type
of construction possibly reflects the increared e
of class. plastics, steel, alaminum, and other ma-
terials containing relatively little natural radio-
activity.

In order to determine what effect building con-
struction might have on natural exposures, it is
necessary to make assumptions on how people
spend their time in various activities. .\ Dbasic
approach to this probiem has been taken in ap-
pendix B, in which it is estimated that indoor
living habits of the United Ntatex result in the
population receiving 80 percent of the out-
door DE.

4.2.2. Biological shielding

The estimates of DE in section 4.1 are for
tissue with no self-shielding. Since the gonadal
DE and bone marrow DE are often used for dose-
risk asse=sment, it is necessary to determine the
effect of buildup and attenuation of radiation in
the overlying tissue. The most widely quoted ref-
erence on this subject, UNSCEAR (1962), recom-
mends a screening factor of 0.6 for gonadal and
bone marrow dose rates from terrestrial radiation.
This factor was partly based on the work of
Spiers (19:6), who found that terrestrial gamma
radiation was reduced by factors of .52 to 0.59
depending on the body orientation. In males, the
screening factor varied from 0.67 to 0.72. In both
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sexes, the least attenuation (i.e., highest screen-
ing factor) occurred in the standing position,
the greatest attenuation was provided in a hori-
zontal position, and intermediate attenuation oc-
curred in a sitting position,

More recent work by Bennett (1970) indicates
that the gonadal screening factor, averaged over
both sexes, is 0.82, and a personal communication
from Bennett indicated that he believes the bone
marrow screening factor also to he closer to 0.8.
In addition to discussing limitations of earlier
work, Bennett also has inferred similar screen-
ing factors from work by Jones (1966) and Clif-
ford and Facey (1970). Based on these data, it
is assumed that in the present work a screening
factor of 0.8 describes the biological shielding of
the gonads and bone m#rrow by overlying tis-
sue. The shielding factor is assumed to apply to
the terrestrial component of background radia-
tion and not to cosmic radiation, which is more
penetrating. This is the same approach nsed by
UNSCEAR (1962, 1966).

4.3. Internal Sources

This study is devoted primarily to natural ex-
ternal sources of radiation, which have been dis-
cussed in the preceding sections; however, in
order to arrive at an overall estimate of whole
body exposure, the contribution of internal nat-
ural emitters also must be considered.

The average potassium content of the body is
about 0.2 percent. On the basis of g K/kg body
weight, males show higher values past the age
of puberty, but this is related to the difference
in fat content of the body since fat contains rela-
tively little potassium (.Anderson and Langham,
1958). Females have more fatty tissue than males
and therefore have a lower ratio of g K/kg body
weight. Ninety percent of the tissue DE from
potassium-40 is due to g particles (range = 2
mm in tissue) ; the remaining 10 percent is due to
gamma rays (Rundo, 1960). Therefore, the tissuc
DE is largely determined by the potassium-40
concentrations within the tissue in question.

Gonadal concentrations of potassium in the
.S, population are 0.2 percent and 0.14 percent
for males and females, respectively (Tipton and
Cook, 1963) : these concentrations correspond to



DE rates of 19 and 13 mrem/yr., assuming the
conversion factor caleulated by Rundo (1960).
For the purpose of estimating gonadal DE. an
average of these two values, 16 mrem/yr., will be
assumed. Other internally deposited natural
nuclides, principally rubidium-87, carbon-14,
radium-226, radium-228, polonium-216, and
radon-222, are assumed to result in DE rates to
the gonads and bone marrow of 2 mrem/yr.
(UNSCEAR, 1966). These estimates will be pre-
sented in section 4.4, in which the overall esti-
mate of population DE is made,

4.4. Dose Equivalent to the Gonads
and Bone Marrow

Table 17 presents a summary of gonadal DE to
the U.S. population. The estimates for cosmic and
terrestrial exposure are based upon the results
of section 4.1, and the terrestrial DE contribution

Table 17. Gonadal dose equivalent to the U.S. popula-
tion from natural radiation

Dose equivalent
Source (mrem/yr.)
External
Terrestrial 28
Housing factor = 0.80 (section 4.2.1)
Screening factor = 0.80 (section 4.2.2)
Cosmic 44
Internal
Potassium-40 16
Otker nuclides 2
Total 88

has been reduced by the housing and gonadal
screening factors of section 4.2. As can be seen,
the estimate of DE to the gonads from natural
radiation sources is 88 mrem/yr. Since all mem-
bers of the population are exposed to background
radiation, the gonadal DE is also equivalent to
the genetically significant DE. It should be noted
that the reduction of terrestrial radiation con-
tribution to gonadal DE is 14 mrem/yr. due to
biological and housing attenuation. However, this
reduction is offset by the contribution of internal
emitters (18 mrem/yr.). With this in mind, it
can be seen that figures 16 and 17 are also reason-
able approximations of the population distribu-
tion vs. gonadal DE.

Estimates of DE to the bone marrow from in-
ternally deposited nuclides are 15 mrem/yr. be-
cause of potassium-40 and 2 mrem, yr. because of
the other nuclides mentioned in section +4.1.3
(UNSCEAR, 1966). As has been discussed, the
same biological screening factor is assumed for
bone marrow as for gonads, so that the bone
marrow DE from terrestrial and cosmic sources
s the same as that presented in table 17, or 70
mrem/yr. Thus, the total bone marrow DE from
natural sources is 87 mrem/yr.

The estimate of gonadal DE in table 17 is con-
siderably lower than the UNSCEAR (1962)
worldwide estimate of 125 mrem/yr.. which is
often cited in the United States as the *‘base-
line” radiation level against which manmade
radiation sources are compared. If the relative
importance of manmade sources is evaluated by
comparing the magnitude of manmade and nat-
ural radiation DE, as is often done, then it follows
that manmade radiation sources must be con-
sidered as a more significant portion of man's
total exposure to ionizing radiation.

4.5. Discussion

The estimates of DE in the present work are
based upon measurements and census and housing
data from many different sources. For this rea-
son it is not possible to calculate the variance of
the end result in the conventional manner. It is
possible, however, to discuss the uncertainties
which affect the separate components of the over-
all totals and, based on the uncertainties, to esti-
mate the accuracy of the several important
factors. These contributing errors are taken to
represent in each case a sample at the 95 percent
probability level drawn from a normal popula-
tion of observations.

Cosmic radiation accounts for approximately
10 to 70 percent of the external radiation DE to
the U.S. population. The ionizing and neutron
components contribute about 85 and 15 percent,
respectively. of the cosmic ray DE. The estimate
of the sea-level ionization values, from which the
DE estimates are derived, is probably within 10
percent of the true value; however, the sea-level
neutron value may be in error by as much as 30
percent. As a result, the cosmic ray DE at a
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specified elevation is probably within 12 percent
of the true value.

At this point it is appropriate to discuss the
uncertainties present in the determination of the
terrestrial DE, which is based upon the aerial data
conversion values discussed in section 3.3.3. In
this regard, there are three observations to be
made on the conversion determination. First,
three of the four individual conversion determi-
nations (1., 2., and 3.) in section 3.3.3. required
a cosmic ray correction. The relationship is such
that, for example, a 10 percent decrease in the
cosmic ray DE will result in approximately a 7
percent increase in the terrestrial DE estimate,
so that the net effect of a change in the cosmic
ray DE on the overall DE estimate is small.

Secondly, it should be noted that the fallout
correction value does not have a significant
influence on the final conversion factor. For ex-
ample, if the fallout correction in conversions
*1, 2, and 3" in section 3.3.3. were increased by
100 percent (3.2, 1.8, 1.8, respectively) the aver-
age terrestrial DE decreases by 20 percent (from
40 to 32 mrem/yr.), and the overall DE decreases
by approximately 10 percent (from 84 to 76
mrem/yr.). It should be noted that a 100 percent
decrease in the present fallout estimates will have
a smaller effect—approximately a 10 percent in-
crease in the terrestrial DE and 5 percent increase
in the overall DE.

Thirdly, since the terrestrial and cosmic ray
DE are approximately the same, an arbitrary
change in the conversion value (with no change
in cosmic ray DE) will have a smaller impact on
the combined estimate. For example, a 10 percent
change in the conversion value (and terrestrial
DE} will result in a 5 percent change in the
overall DE.

The average terrestrial DE estimated for the
entire United States is probably within 20 per-
cent of the true value. Support for this belief
rests primarily on the similarity in ARMS esti-
mates of ground DE rates and the spectrometric
data-DE estimates by Beck (1966b). The accu-
racy of DE estimates for individual ARMS
areas and urbanized areas within ARMS areas is
strongly influenced by the accuracy of the weup-
ons fallout DE during the time of each survey.
During much of the 1961 to 1963 period, for
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example, the DE from weapons-testing fallout
was 50 perecent or more of the natural terrestrial
DE. As a result the DE estimates for the ARMS
areas are probably within 30 percent of the true
value. Most of the locations in appendix A were
assigned terrestrial DE values based on location
—either Coastal Plain or non-Coastal Plain.
These estimates may be in error by 50 percent.

The estimate of the contribution of internal
emitters to gonadal and bone marrow DE is
probably within 30 percent of the true value.
The estimate in this work is slightly lower than
the commonly quoted UNSCEAR (1962) esti-
mate of 25 mrem/yr., and this is due to the usc
of more recent and complete data for the potas-
sium-10 contribution to the total.

The biological shielding factor used in this
work is believed to be within 10 percent of the
true value, based upon the similarity of recent
estimates (Bennett, 1970). As has already been
mentioned, the other major modifying influence
on the natural radiation source term is the con-
tribution and attennation by housing. Even with
the uncertainties present in the development of
the housing factor, it seems unlikely that this
factor is in error by more than 20 percent. The
amount of time spent outdoors is based on little
more than a guess; however, if this proportion
were 0.25 instead of 0.05, the housing factor
would only increase to 0.84, or by 5 percent

A summary of the error estimates is presenter
in table 18, and as can be seen the gonadal DE
is 88 = 11 mrem/yr. The error of the bone mar-
row DE also may be assumed to be the same.
The error calculation tends to impart an unin-
tended sense of precision to the overall estimate.
Therefore, one may wish to say that the estimate

Table 18. Estimate of errors in determining the gonadal
dose equivalent (appendix C)

24
Parameter Value eatimate
Terrestrial DE» ____ . _____ 40 8
Houslng factor ....ececmecancane 0.8 0.16
Tissue screening factor —__________ 8 .08
Cosmic DE 44 5
Internal emitters ___ oo _______ 18 5
G dal DE 88 11

® Note that the contribution of terrestrial DE to gonadal DE
ir 0.8 X 0.8 X 40 mrem/yr or 26 mrem/yr. Thus, the total
gonadal DE (s 26 + 44 i8 = 88 mrem/yr.



of the average gonadal and bone marrow DE is
approximately 90 mrem/yr.

In summary, the average DE from terrestrial
radiation (unattenuated by housing or biological
shielding) and cosmic radiation to the U.S. pop-
ulation is 84 mrem/yr. There are three distinct
areas of different population DE—the Coastal
Plain, non-Coastal Plain (excluding Denver),
and Denver vicinity. Eighieen percent of the
population lives in the Coastal Plain, where the
mean DE is 65 mrem/yr., and 82 percent lives in
non-Coastal Plain regions where the mean DE is
88 mrem/yr. The Denver area, which has approx-
imately 0.5 percent of the population, receives
165 mrem/yr. Population DE in the United
States probably varies by a factor of 7.5, from
approximately 40 to 300 arem/yr.

In view of the uncertainties which affect the
development of natural radiation exposure esti-
mates, one may question the improvement of the
results over earlier estimates and the usefulness
of the results. The use of the ARMS data has
provided a basis for directly estimating the nat-
ural exposure of approximately 30 percent of the
U.S. population, which is a considerably larger

sample than can be associated with previous
ground surveys. In addition, the same data indi-
cate the existence of three distinct areas of ter-
restrial radiation in the United States. Through
the determination of the U.S. population distri-
bution vs. elevation, it is now possible to cite
State-to-State differences in cosmic ray DE.

The present data may be used as a guide to the
average [7.S. background radiation exposure and
as reasonable estimates of background exposure
in the areas for which ARMS data exist. Caution
is advised when using the total DE estimates
for locations in which general terrestrial DE
values have been assigned, although the total DE
estimates for these locations are of value in assess-
ing the relative contribution of cosmic ray DE.
The DE estimation procedure outlined in appen-
dix A may be refined as more specific data be-
come available on natural radiation DE rates in
various sections of the country. Similarly, infor-
mation concerning living habits may easily be
factored into the computation, and the author
would be grateful for any information which
could be used for updating and improving the
present DE estimates.



SUMMARY

Natural background constitutes the greatest
source of ionizing radiation to the world's popu-
lation today. This exposure is by no means uni-
form for all individuals, but varics because of 2
number of influencing factors. Such factors in-
clude altitude, geological features, and living
habits. The resulting variations in exposures
often exceed those from manmade sources which
generally receive considerably more attention. For
example, although no detailed overall study of
the subject has been made, published data indi-
cate that the genetically significant dose equiva-
lent (DE) from natural background in the
United States ranges from 80 to 200 mrem/yr.
A survey conducted by the U.S. Public Health
Service in 1964 indicated that the comparable
dose from medical x radiation was only 55
mrem/yr. Other sources, such as nuclear reactors,
fallout from atmospheric weapons tests, etc., ac-
count for & DE less than 5 mrem/yr.

The purposes of this study of natural radiation
exposure in the United States were to better esti-
mate population dose from radiation of natural
origin, to investigate the DE variations that
occur, and to examine the parameters that influ-
ence both the levels and the variations so that the
relative importance of manmade exposures can
be better evaluated. In undertaking these tasks,
it was recognized that external exposure to ter-
restrial radiation sources, a primary component
of natural background exposure, can be estimated
by direct measurements or calculated on the basis
of Imowledge of chemical assays of natural emit-
ters in the soil. Direct measurements and soil
analyses, however, have not been sufficiently
extensive to provide adequate data to make an
overall estimate of the population DE in the
United States. For these reasons, alternate meth-

ods were sought and an answer was found in the
series of ARMS conducted over major areas of
the United States under sponsorship of the AEC

A second major component of natural back-
ground expokure to the population is cosmic
radiation. The DE from this source was com-
puted on the basis of knowledge of the distribu-
tion of population with elevation. The third, and
last, major component of population dose from
natural background, that is, exposure from natu-
rally occurring radionuclides deposited within the
body, was calculated on the basis of published
information. Once data were available for the DE
from each of the three major components of nat-
ural background, a combined estimate of the total
costmic and terrestrial DE was made taking into
account what is known concerning the distribu-
tion of population by elevation. geology, and
living habits. These data were then combined
with those for internal exposure to vield a final
estimate of totul population dose from natural
sources.

The primary problem in using the information
resulting from the ARMS surveys was in con-
verting the count rate data taken at altitude into
DE rate data at ground Ievel. In addition, there
was the necessity in certain cases of subtructing
the contribution of weapons testing fallout from
the ARMS readings. Suitable corrections for this
latter factor were made, and a conversion factor
for the ARMS data was determined by correlat-
ing the measurements at a number of points with
readings made at 3 feet ubove ground level. The
mean terrestrial DE, obtained on the bLasis of 25
areas surveyed under the ARMS program and
weighted for the population of each area, was
computed to be 44 mrem/yr. This value compared
well with results from limited ground surveys

11



within the United States, which are summarized
in the text.

On the basis of an analysis of the ARMS data,
it appears that the United States can be divided
into three distinct terrestrial radiation zones, or
areas. One is the Atlantic and Gulf Coastal Plain,
which includes all or portions of all States bor-
dering the Atlantic Ocean and Gulf of Mexico
from Texas to New Jersey. For this area, the
mean terrestrial DE was 22.8 mrem/yr. The sec-
ond area is a portion of the Colorado Front
Range, on the eastern slope of the Rocky Moun-
tains, which yielded a mean terrestrial DI rate
of 89.7 mrem/yr. This is somewhat as expected
since this area (approximately 7,000 square
miles}) has crustal concentrations of natural
radionuclides which have been shown to be ap-
proximately twice the U.S. average. The DE in
the rest of the ['nited States, that is, excluding
the Coastal Plain and the Colorado Range, was
calculated to be 4i.6 mrem/yr. When the distri-
bution of the population in the three zones was
considered, the mean terrestrial DE in the United
States was calculated to be 40 mrem/yr.

A\ detailed analysis of the distribution of pop-
ulation with elevation showed that 83 percent of
the people in the United States live in areas with
an elevation of less than 1,000 feet. Populated
areas, however, occur up to 10,500 feet. At sea
level, the ionizing and neutron components of
cosmic radiation result in DE of 35 and 6
mrem/yr. for a total of 41 mrem/yr. The DE
increases to 44 mrem/yr. at 1,000 feet and ranges
up to 162 mrem/yr. at 10,500 feet. On this basis,
the DE from cosmic radiation for various popu-
lation groups in the United States varies by a
factor of 4. Overall, the caleulations revealed that
the average DE from this source in the United
States was 44 mrem/yr.

Combining the DE from terrestrial and cosmic
radiation, the average DE to the U.S. population

from natural external radiation was computed to
be 84 mrem/yr. per person. Based on the 1960
census, this results in an integrated DE of 1.1
million man-rem/yr. The range in DE in the
United States is 40 to 300 mrem/yr.; however,
almost the entire population receives less than
170 mrem/yr.

For the purpose of determining the DE to the
gonads and bone marrow, the influence of hous-
ing, biological shielding, and internal emitters
was also considered. A “housing factor™ was
computed to take into account the attenuation of
terrestrial radiation due to building materials.
This factor included allowances for the major
types of building materials in use in the United
States and for the percentage of total time spent
indoors by the population. \Also included in the
calculations was the attenuation of terrestrial
radiation by body tissues. On the basis of these
considerations, the ratio of indoor to outdoor DE
from terrestrial sources was calculated to be 0.8;
coincidentally the biological “screening factor”
was estimated to be 0.8. Allowing for these factors
and a DE from internally deposited radionu-
clides of 18 mrem/yr. to the gonads and 17
mrem/yr. to the bone marrow, the total gonadal
and bone marrow DE for the U.S. population
were calculated to be 88 and 87 mrem/yr.,
respectively.

It is to be noted that the gonadal DE as calcu-
lated in this study is considerably lower than the
UNSCEAR worldwide estimate of 125 mrem/yr.,
which is often cited in the United States as the
“baseline” radiation level against which manmade
radiation sources are compared. If the results of
this study are true, it is quite probable that cer-
tain manmade sources, particularly medical x ra-
diation, will now be given greater importance in
terms of their overall contribution to the popu-
lation’s total dose.
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APPENDIX A

Calculation of Average Dose Equivalents

due to Terrestrial and Cosmic Radiation *

Table A-1. Calculation of average dose equivalents due to
terrestrial and cosmic radiation by State urban-
ized and unurbanized areas

Table A-2. Total calculation of average dose equivalents
due to terrestrial and cosmic radiation by States

Table A-3. Program to calculate average dose equivalents
from terrestrial and cosmic radiation

‘Some of the values in the following tables are presented in tenths of
mrem/yr. This was done in order to avoid rounding off errors. and one
should not assume that the data are krown to the accuracy indicated by

the numbers.
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Table A-1. Calculation of average dose equivalents due to terrestrial and cosmic radiation by State urbanized and nonurbanized areas
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Table A-1. Calculation of average dose equivalents due to terrestrial and cosmic radiation by State urbanized and nonurbanized

areas—Continued
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KANSAS C¥ KS=-MO 27209% 150 48 6.8 36.8 43,6 4546 89,0 24215
ST JOSEPH KS-MO 1191 B850 49 h.8 37.0 43,8 4546 A9, 4 106
TOPEKA KS 119500 939 48 6.9 37.2 hh,l 45.6 89,7 10723
WICHITA KS 2921138 1290 ©7 T.5 38.3 45.8 4546 9l.4 26687
KANSAS NU 14931687 1570 48 7.9 39,2 &7.1 45,6 92,7 138512

"KANSAS 2178611 1395 %8 T.6 38,7 46,3 %5.6 1.9 20024%

v




1 2 3 3 COSMIC RADIATION DE 8 9=T7+8 10=(2X9) X, 001
LOCATION 1960 ELFVATION MAGLAT MREMS7YR TERR DOSE FQ TOTAL EXT DF  MAN-REM
EEET DEG NO S 8 J=5+6 MREMS /YR MREMS/YR
NEUT  [IN TOTAL
CINTT KY-OH 179489 S50 50 6.3 36,3 42.6 30.2 72,8 13073
HUNT KY-WY-O0H 48091 565 49 6.4  36.3 42.7 45,6 ag,. 3 4246
LEX INGTON KY 111940 958 %8 6.9 37.3 44,2 “5.5 [EN 16057
HE KY-IN 5356263 450 49 6,2 36,1 42,3 45.6 A7.9 46950
KENTUCKY NU-CP 170000 340 7 6,0 35.9 41.9 22.8 4.1 11000
KENTUCKY NU=NCP 1994373 934 48 6,9 37,2 482 45,6 89.8 179996
KENTUCKY 3038154 788 48 6.7 36,9  43.6 43,6 7.0 264320
BATON QOUGE LA 193485 57 %0 8.7  135.4  4l.) 22.8 53,9 12354
LAKE CHARLES L4 89115 20 40 5.6 35,3  40.9 22.8 83,7 5681
MONROE LA 80546 82 42 5.7 35,4  Gl.1 22.R 63.9 5148
NEW ORLEANS LA 845217 5 40 546 35,3 _ 40,9 22.8 63,7 53850
SHREVEPORT L4 208582 204 42 5,9 35,6 41.5 ?2.8 64.3 13407
LOUISTANA NU-CP 1850056 100 4} 5,7 35.4  41.2 22.8 66,0 117709
LOUTSTANA 3257022 77 41 5,7  35.% 41,1 22.8 63,9 209149
LEWISTON WE 55763 200 56 5.9 35.56  4l.5 45,6 87.1 5681
PORTLAND ME 111701 25 55 5.6 35,31 41,0 45,6 86,6 966 9
MATNE NU 792311 395 56 bel 36,0 @2el 45,6 Ble¥ T8 TY
MATNE 969265 139 56 6,0 35,9 41.9 45,6 BT.5 AGAZT
___________25;11:%2;_!&, 1418948 20 51 S¢6 35,3 _ 40,9 27,4 68,3 96985
WASH DCUMD) 578980 150 50 Se8 35,5 &l.3 EL 6.7 4441 6
MARYLAND NU-CP 470000 100 50 S¢7  35.4  4l.2 22.8 64,0 30066
MARYLAND NU-NCP 632761 €58 51 6.3 36.3 42,7 45,6 A8, 3 35849
MARYLUAND 31006R9 166 51 5.8 35,6 41.4 31,9 73.3 727316
BOSTON MA 2413236 217 54 5,6 35,3 41,0 45,6 86,6 208910
BROCKTON MA 111315 130 54 5.8 35.5 &l.3 45,6 86,9 9688
FALL RIV MA-R] 117787 40 53 5.7 35,3  41.0 45.6 86.6 10201
FITCH~LED MA 72347 440 6 6.2 38,1 42.2 48,6 BT.8 6355
LAW-—HAVER MA-NH 165233 65 54 5,7 35,4 411 45,6 86.7 14321
LAWELL ™A 118547 100 % SeT 35,4 4l.2 45.6 86.8 15286
NEW BEDFORD MA 126657 15 53 Ss6 35,3  40.9 45,6 86,5 10960
PITTSFIELD MA 62306 1015 54 7.0 37,5 44.5 27,9 12,4 4511
PROCDENCE MA-~R] 43381 80 53 ST 35,4 41.1 41.9 83.0 3501
SPRANGFLD MA-CT 418313 8% 5% 5.7 35,4 4lel 40,0 81.1 33637
RCESTER MA 225446 475 54 802 36,1  &2.4 53,1 95,5 21%22
MASS NU 1274010 492 54 63 36,2 2.4 45,6 58.0 112044
MASS 5148578 190 54 5.9 35,6 Al.5 45,2 86.7 446418
8 6,8 37 43,% 45,6 89,5 0320
Y CITY W1 12783 9% 54 6, 3.4 42.8 45, 3
DETRQIT ME 3837709 609 53 G 36,4  42.8 48,6 88,4 312796
FL ] 277786 715 53 6.6 36,7 43,3 #5,6 86.9 24483
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Table A-1. Calculation of average dose equivalents due to terrestrial and cosmic radiation by State urbanized and nonurbanized

areas—Continued
L 2 3 4 COSMIC RADIATION OF A 9=749 10=12%91 X, 001
LOCATION 1960 ELEVATION MAGLATY MRFMS /YR TEPR NOSE FQ TATAL EXT OF MAN-RE M
PNPULATION  EEEY REG NO 5 & 12546 MREMS/YR MREMS/ZYR
NEUT 1NN TAT A
CRD RAPIDS M1 294230 610 53 6.4 36,4 42,0 45,6 aR8.5 26026
JACKSON M1 71412 940 53 5.9 37,3 4442 45.4 89,8 6411
KALANAZQO M1 115459 755 €3 5.6 36.A 43,4 «5,6 89,0 10295
LANSING M1 169325 730 53 6.7 31,0 43,7 45,6 A9, 3 15124
MUSKEGCN M 98150 A28 53 fek 36,5  42.9 %5.6 B8,5 3440
SAGINAW MI 129215 595 54 6.6 36,4 42,8 45.6 RB.G 11422
SO REND MI-IN 70619 Tin 52 6.6 36.7 43,7 %5.6 A8.A 1814
MICHIGAN NU 2924064 817 54 6.7 36,9 43,7 45.6 R9.3 261012
MICHIGAN 7823194 701 S4 5.6 36,7 43,2 45,6 A8, 8 694776
DULUTH MN=-W[ 110426 610 5% f.4  3b6.4 42.9 %5.6 88.5 9803
FARG MOOR MN-ND 25056 a0 56 5e8  37.2 44,0 45,6 89,6 2245
MINN-ST eayL &N 1377163 RIS 5% 6.7 16,9 63,7 1.2 14,9 103087
MINNESOTA NU 1970841 1403 54 7.6 3B.6 46,3 45,6 91,9 174680
MINNESOTA 3413864 1136 54 7.2 37,9 45,1 19,8 34,9 289815
JACKICN NS T4 T4R0 79% %2 6.0 35.8  4l.8 22.8 64.6 9521
MISSYIPPI NU-CP 2030661 267 43 5.0 35,7 41,7 22.8 64,5 1309) 8
MISSISStPO] 2178141 269 43 6.0 35,7 41,7 22.8 64,5 140438
KANSAS CY MO-KS 549026 750 %8 6.6 36,8 43,4 45.6 89.0 57760
ST JOSEPH MO-KS 79996 850 49 6.8 37,0  43.8 45,6 89,4 7152
A-TL 1391338 75 3 Be2  36.1 42,3 45.6 A7.9 122369
SPRINGFIELD MO 97224 1300 47 7.5 38,3 45.8 45.6 91.4 2886
MYSSCURT NU-CP 150000 350 47 6.1  35.9 41.9 22.8 64,7 CEANY
MISSOURT NU-NCP 1952169 8A1 48 6.8 37.1 43,9 45,8 89,5 174773
M1 SSOURT 4319813 719 48 6.6 36,7 _ 43.3 46,8 88,1 180651
STLLINGS N7 60712 3120 5% T1.6 %5.5 56.5 “5.6 102.1 6199
GREAT FALLS MY 57629 3330 55 11.5  46.5 58,0 45,6 103.6 5970
MONTANA NU §5R626 3521 5% 12.0  &T.4 59,4 45.6 105.0 58423
“WONTARK TT4T6T 3489 L1 " 11.8  &7.2 59,0 “%.6 104.6 70592
LINCCLN NF 136220 1150 50 7,2 37,9 45,1 45,6 90,7 12355
Cl =T 320336 1040 L1 Tel 37,5 k.6 “5.6 90.2 79709
SIOUX CY NE-1A 7200 1110 52 7.2 37,7 44,9 45 .6 90.5 652
; V] 938576 1604 T0 8.0 39.3 &T.3 L3973 32.9 37199
NEBRASKA 1411330 1476 50 7.7 38,8 6.5 25.6 92,1 129915
LAS VEGAS NV 89427 2030 43 8,8 40.9 49,6 19.9 69,5 6216
WENT NV Y0183 4438 %6 T%.6 B52.8 6T.4 5.6 TT3.0 T30
NEVADA NU 125662 4565 &S 14.8 53,2 68,0 45,6 113.6 16272

NEVADA 2R%5278 37154 45 12.8 49,2 62.1 37.5 99,6 28418




1 2 3 4 COSMIC RADJIATION OE 8 9=Te8 10=¢2X9)X. 001
LGCATINN 1960 ELEVATION MAGLAT MAFMS /YR TERR DDSE FQ TOTAL EXT NF  MAN-REM
POPYLATION  FEEY DEG NO 5 6 T=5+4 MREMS /YR MREMS /YR
NEUT 10N TOTAL

LAW HAVER NH-MA #92 6% 54 S.7 35,4  4l.] 45,6 86.7 7
MANCHESTER NH 91698 178 54 5.8 35,6 41,4 45,6 87.0 7977
NEW HAMP NU 514331 712 55 6.5 36.T7 63,2 5.6 A8. R 45696
N HAMPSHIRF 504991 510 L1 6.5  36.5 41,0 48.8 AB.€ TIT50
ATLANTIC CY NJ 124902 10 sl 5.6 35.3 40,9 22.8 53,7 7959
NEW YORK NJ-NY 3978897 30 52 Suh 35,3 41,0 5.6 56.6 TI5R21
PHILADEL NJ-PA 521995 45 S2 5,7 35,4 41,0 47,5 38,5 46206
TRENTON NJ-PA 226561 S 52 Seb 35,7 41,0 41,9 AZ.9 18780
MILMINGTN NJ-DF 1732¢ 135 52 5.8 35,5 41,3 16.2 17,5 1342
N JERSEY NIJ-CP 440000 200 52 5,9 5.6 1.5 22.8 EC 28276
N_JERSFY NU-NCP 857096 2as 52 6.0 35,8 4l1,.@ 45.6 R1.4 764875
NEW JEASFY 6066742 a1 52 5.7 35.6 41,1 43,5 84, 6 513259
ALBUQUEPGUE NM 741716 4958 3 6.0 86.7 71,6 %9.56 Tei.1 4067
NEW HMEXIfD Ny 799807 5754 43 16,9  S51.7 T4, 6 4546 120.2 85315
NEW MFXICO 951023 5179 43 16,7  S7.2 13,8 51,7 125,5 119362
ALBANY NY 455447 ED) % T.6  35.3  40.9 251 #6.0 35087
BINGHAMPTAN NY 158161 345 53 6.8 37,1  431.9 45 .6 89,5 14147
RUFFALN WY 1054376 SAE 5% 5.4 36,6 42.8 45,6 38, % 93166
NEW YNRK NY 10235030 30 52 S.6 35,3 41,0 45,6 86,6 386199
RNCHFSTER NY 493402 1% D) %e3  36.2 7.5 %5 .6 LI TS W %3472
SYRACUSE NY 3312386 ©«00 54 hel 36,0 42,1 65,6 A7.7 29231
UTICA RQAF NY TATTTS %15 L3 5.2 38.0  42.7 W56 AT. 8 15413
NEW_YDRK NU 3963849 544 53 6.3 36,3 42.6 45.6 88,2 340836
NEW _YORK 16782104 217 53 5.9 35,7 41,6 45,0 A6, 6 1453613
ASHEVILLE WC 68597 2216 %6 €1 4l.6 50,7 %5.6 “—3%6.3 6605
CHARLOTTF NC 209561 721 46 6.6 36,7 43,2 45,6 98,9 18625
DURKHAM NC A4b47 3 47 bel 36,0 62.2 5.6 87.A 16728
HIGH POINT WNC 66543 960 47 6,9  3T,3 46,2 45.6 89,8 5974
T2333% LIA 7Y 2.8 371.0 %.% I5.T nS.% 1327

RALETGH NC 93931 363 %7 6.1  35.9 42,0 45.6 7.6 R227
— WINSTCN SAL NC i2a176 AGO (3] 5.9  37.1 43,8 48 .h Ad. & TTe6s
N _CAROL NU-CP 1410000 100 47 5.1 35.4 41,2 22.8 6440 90198
N CARDL NU-NCP  237113Ah 1204 %7 7.3 IR0 45,3 4546 90.9 215674
N CAROLINA 2556155 800 x4 Bl 37.1  43.A ELIS ] LY 2% ARAFAT
FARG MODR ND-MN 47676 900 56 6.8 37.2 44,0 45,6 99,6 «272
N DAKOTA NU S84TY5 1467 56 Bl 30,6  &T.7 Z5.R a3, 3 S%5A1
N DAKOTA 632446 1628 LT3 B.0 39.4 4T.5 5.8 5%.7 THERY

o
o
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Table A-1. Calculation of average dose equivalents due to terrestrial and cosmic radiation by State urbanized and nonurbanized

areas—Continued
1 ? 1 4 CNSYIC PADIATION DC 8 fu74A 10=12X9) X, 001
LOCATINN 1940 ELEVATINN MAGLAT MREMS/YR YFOP ONSE EQ TOTAL FXT DE  WAN-REM
POPULATION  EEEY 0EG NO 5 & 755+ MREMS /YR MREMS/YR
NFT 19N TOTAL
AXRCN NH 4S5A253 1027 <2 7.0 37.5 44,k X 90.2 1312
CANTAN NH 213876 1089 62 Tol 3T, h 4k, T 45.h a9, 19285
CINCINNATT Q¥ 314079 56N <0 A,3 36,3 43,k N7 TZ.R 54297
CLEVELAND NH 1794991 680 52 A5 36,6 43,.] 45.6 A8, 7 15366
COLUNBUS OH 61h743 TRA w1 hel 36,8 43,6 1.9 (L 58670
DAYTCN DH 501664 757 50 heh 36,8 43,4 41.9 35,2 47803
HAMY Tiﬁ a 89778 60S 50 .3 b4 42.8 48 .A a8,64 7940
HUNT OH=KY-WY 26897 568 49 5.6 36,3 42,1 46,6 88,3 7198
TIMA M LT RAQ 51 A8 37,1 43,9 a7 .5 1.4 5756
LOR-FLYRTA PH 142860 £08 52 bebh 6.4 42,8 6k, ¢ 28,4 12436
TPRINGFIELD (H LI L LI o1 ¥on 3T.4  GheT 5. A AG.q 3109
STFUBENVL NH-NV 47318 718 51 6.6 36,7 43,1 60,8 103.8 4909
TALENO NN 438201 s87 52 “.4 36,4 42,9 45,4 A, 4 ELEEN]
WHEFLING NH-WV 11671 650 51 6.5  36.5  43.0 68,9 111.9 3746
YAUNGSTOWN NH TToT4R . RAO €2 he8 37,0 43,0 40,8 T4, 5 31519
OHIC NU 4014421 799 52 5,7 36,9 43,6 45,6 39,2 358068
NHIN QAT0A197 757 LY+ heb ELYR:) 43,4 43,9 87.3 47249
FT SH{TH FK-a® 1AA2 %0 %5 feo2 38,1 &2.3 25,6 57,0 164
LAWTEN NE 41961 1109 43 7,2 37,7 46,9 45,64 an, s 5607
KL AH Y 1K LYAL LIS ¥ 15 11 T 3R.0  45.4 [ 9Y 3.0 13040
TULSA N 298927 164 45 B.6 38R 43,6 45,6 99,0 26595
AKCAHTME NiJ=1.P 0007 %50 % he? 36,1 2,3 772.F 55,1 %555
DKLAHOMA- NU=NCP 16466371 1512 45 T A 39,0 46.R 45,4 2.4 135547
KL AHCMA 2328284 1214 45 7.5 3B.4 45,9 44,9 90, R 211508
FUGFNE NR 99446k Y34 a1 6.2 36,0 42,2 45 .k 37,8 5399
PORTLAND OR-WA 504720 77 52 5,7 35,4 41,1 456 a6, 7 52433
TAREGON NI 1088772 10AS 51 Tl 3Te6  Gb 7T 45,6 30,3 96476
TRERCN T7ARA37 (3] 51 626  3h.8 3.3 %56 RB.Q 167308
ALLEN-RETH Pa 2560)4 258 52 5.9  35.7  4l.6 45,6 ’7,2 27333
ALTFCNA PA R3058  11RN 52 7.3 3R,0 45,2 PN 90,8 TR45
ERIE PA }77423 AR5 53 €.5 36,6 43,1 45,6 a48,7 15745
HARRTSAUBE, BE . 273501 TS L] T.1  35.9 4.0 LY L Y 3 L EE]
JIHNSTOWN P& 96474 1185% 52 T3 38,0 65,3 45 .6 30.9 B166
LANCASTFR PA CELIL 355 52 6.1  35.9 42.0 5.8 87.6 8217
OHILADEL PA-NJ 311132133 45 52 S,7 35,4 41,0 42.5 83,5 260008
BYYYXRIIRS, D& Tan4460 T60 52 (31 36.8 43,4 52.0 35,4 172202
READING PaA 160297 265 52 6,9 35,7  4).7 45,6 87,3 13988
PR 210676 ki) T3 S5 36,7 %3.3 78,8 8.5 187238
TRENTON PA-NJ 15838 15 52 5,6 35,3 6l.0 %) .9 R2.9 1313
WILKES RAUGE P& 233932 640 53 6.5 36.5 43,0 3373 B8.6 20719
_ YNRK PA 100R7> 370 51 6,1 35,9 42,0 45.6 87.6 8837
BFNN NI STESTAT R4 L¥d €6 36.8  4&3.% 27.8 8.7 TETY
BEAN TI319344 LYL 52 €e3  36.3 43.6 6.2 8.8 %3089

——.
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1 2 3 4 COSMIC RADIATION DE 8 92748 10=(2X9) X, 001
LCTATION 1960 ELEVATION MAGLAT AREMG/YR TERR D L £X -
PQPULATION _ FEEY DEG WO S [ 73546 MAEMS /YR MREMS /YR
NEUT 10N YOTAL
FALL RIV Rl=-MA 6164 40 53 5.7 35.3 41,0 45,6 6.6 534
PRONENCF RI-MA 616161 80 53 5.7 35.4 4141 4l.9 A3.0 51150
RHODE N NU 237163 200 53 5.9 35,6  &4l.5 5.6 87.1 20548
AHODE 1D 9594RB 113 3 S.7 3%.5 4l.2 “2.9 84,¢ 12332
AUGUSTA SC=GA 12028 147 [ 5.8  35.5  41.3 42.8 B4,1 1079
CHARLESTNN S7 160113 9 LY §.6 35,3 %0.9 72.8 3.7 1020¢
COLUMBIA SC 162601 259 45 5.9 35,7  &1.6 k8.3 109,9 17877
GREENVILLF SC 126987 966 “% 6,9 37,3  Ab,d 2269 7.1 BB1¢
S CAROL NU-CP 910000 100 o4 5.7 35,6 41.2 22,8 64,0 51816
S CARGU NU-NCP 1110165 686 5 6.5  36.5  4¥.1 45.6 LE: P LLLYA
S CARDLINA 2382594 426 % 6.2 3641 42,3 3646 ¥8.9 T8RAOT
s1oux CY Sn-1a 736 1110 52 T.2 37,7 448 45,6 90,5 67
€TOUX FALLS SO [IXTK] 1398 53 Te6 38,6 46,3 a5 h ~ a1, % (3843
$ DAKCTA NY 613196 1977 %3 B.7 40,7 9.3 45,6 96.9 58201
S _DAKOTA 680514 1919 53 A6 40,5  49.0 5.6 94,6 646383
CHATTA YN-GA T8ARGS %75 (3 6.5 36,6 A3,1 ¢S .8 L1 PR TA3%98
KNOXVILLE TN 172734 890 &b 6.8 37,1  44.0 60.0 104,0 17958
MFMPHTS TN 48505 278 45 6.0  35.7 41,7 22,8 4.5 SSITS
_HAWLL_E( AL 346729 450 46 6,2 36,1 42,1 45,5 87.9 30470
ENN Ny=CP 5310000 300 6 6.0 35,8 Al.8 22.8 LTI EIY44]
TENN NU-NCP 1788277 1024 46 7.0 37.5 64,5 45.6 90, 161208
TENNESSFE 31567089 723 46 6.6 36,8 43.4 319.4 R2.8 295375
ARTLENE TX 918486~ 1738 (14 8.2 39,8 4B.0 [11Y) 93.¢ LLX4
AMARILLOD X 137969 3676 (X 123 48,2 60,6 45.6 10642 14649
AUSTIN TX 187157 550 39 6e3 6.3 &2,6 22.8 " [31%.] Y2788
AEAUMCNT TX 119178 26 40 S.6 35,3 41.0 22.8 63,8 1599
CORPUS CHRTS Tx 177380 kL3 T 3.8 33.3 &I,0 k4L 3 PY] TI31S
QAL%lS T 932349 512 42 6.3 36,2 42,5 22.9 65,3 60879
X b . . . . o8 !‘goa
FY _MORTH TX 502682 670 42 €48 36,6 43,1 45,6 A8, 7 ©4579
GALVESTON :l TT184A3 20 39 5.6 35.3 40,9 9.7 60.6 TIR6
MARLINGEN TX 61658 35 36 S.6_ 35,3  61.0 22,8 63,8 3933
ﬂﬁﬁiTﬂﬁstl lri%E71""'!!""'33"""1T1"'1!T?"'?Tf3"""""T8f7“'“"""'ZBT7"""““"E#FEU“""""""""
AREDD Tx 60478 420 37 6.2  38.0 42,2 22.8 65,0 3942
] [ £] 9 3241 42 11.3 46,1 ST, 8 L3 1Y 03,0 T3%1
NIDLAND TX 63276 2779 a1 10.3 43.9 54,2 45,6 99.8 6314
goir :a;'un ™ l:‘ [ [ 44,4 . . 5 L1314
H A348 20 40 8.6 35,1 40.9 22.8 63,7 T4l8
CAN ANGELD YY LLLI L B Y L) L)} 5.4 40,7 48,8 18,8 8.7 b3
sn: ANTONLD TX 651955 701 38 6.6 36,6 43,2 22,8 66, 0 42371
X 3 . . . - .
TYLER T 51739 545 a2 6.3 36,3 42,6 22.8 65.4 3385
WACH TX 116156% LY a4 41 6.2 36.0 42,2 22.8 65.0 kih 1




Table A-1. Calculation of average dose equivalents due to terrestrial and cosmic radiation by State wrbanized and nonurbanized
areas—Continued

1 2 3 o CNSMIC RADIATION CE 8 9=748 10=(2X9) X, 001
LOCATION 1960 ELFVATION MAGLAY MREMS/YR TERR DOSE €O TOTAL EXT DF_ MAN-REM
POPULATIQN  FEEY DEG NO 5 [ I=526 MREMS /YR MREMS/YR
NFUT 1NN TOTAL

WiCHIT4& FALL TX 102104 %6 %3 6.9 37,7 44,2 65,5 R9.A 9169
TEXAS NU-CP 3040000 250 39 5.9 35,7  4l.& 22.8 64,4 195824
TEXAS NU-NCP 1336724 23R8 41 9.4 42.3 51.7 45,4 97. 3 130089
TEXAS 9579677 863 %1 T.0  37.6  %4.6 29.0 73,6 705323
OGDEN UY 121927 4300 49 14,0 S5l.6 65,6 45.6 111.2 13564
PROVO UT 60795 4549 %8 14,7 53,1  67.8 %5.6 113.4 5996
SALT LAKE CY UT 348661 4260 48 13.9  St.4  65.3 45,6 110.9 3064 R
UTAH NU 359244 5028 %8 16.2  S6.1  72.3 5.6 117.9 %7366
UTAH R90627 4595 %8 164.9 53.5 68.4 35,6 T14.0 101494
VERMONT NU 389881 590 55 bab 36,4 42.8 45,6 88,4 14458
VERMCNT 389841 590 55 6.6 36,4 42.8 45.6 A8, 4 34458
LYNCHBURG VA 59319 648 %9 .5  36.5 43,0 5.6 RB.6 5256
NENPNRY NEWS VA 2088 74 20 48 Se6 35,3 40,9 19,5 £0, 4 12626
NORFCLR V& 507825 12 %8 .6  35.3 40.9 13.3 70, % 10587
ROANOKE VA 124752 948 48 6,9 37,3 44.? 45.6 89.A0 11204
RICHMOND VA 333438 150 %9 5.8 35.5  4l.3 72.8 54.1 21378
WASH CCIVA) 455487 150 50 5.8 35,5 41,3 15,4 76.7 35710
VIRGINIA NU-CP $60000 100 %9 .7  35.4 #1.2 72+8 %4,0 35823
VIRGINIA NU-NCP 1707254 1214 49 7.3 38.1  45.4 456 91.0 155352
VIRGINIA 3966949 609 49 6.5 3646  43.1 34.6 71.7 308035
PORTLAND WA-OR 46956 77 52 ST 35,4 4l.l 5.6 86,7 %071
SEATYTLE ‘WA BA4109 125 54 S.B 35,5 41,2 45.6 86,8 75041
SPOKANE WA — 226938 1180 5T T3 28,0  45.2 5,8 30,0 20615
TACOMA WA 216930 250 53 5.9 35,7 41,6 45,6 87.2 18746
WASHINGYON NU 1500281 STT 5% B4 36,4  42.7 %5.6 RE. 1 132523
WASHINGTON 72853214 %55 Sh 62 3622 6244 %5.6 R8.0 750996
CHARLESTON Wv 169500 601 49 6.4 36,4  42.8 45.6 RB. & 14987
HUNT WY-KY-0H 92744 TES %9 5.4 36.3 42.7 45,6 RA.3 8188
STEUBENVL WV-OH 34298 715 [3} 6.6  36.T 43,3 60,5 1n3.8 3559
W V-0H 85450 650 L3} 6.5 36,5 43,0 GB.9 11i.49 7328
WEST VA NU 1498399 1421 50 ToT 38,7 46,4 45.6 Q2.0 137829
WEST VA 1860421 1263 50 7.6 38,3 45.7 46.7 92.4 171891
" DULUTH Wi-4N 33937 610 56 6.4 36.%4 42.9 5.6 88.5 3002
GREEN BAY W} 97162 $90 55 6.4 36,4 42.8 45,6 88,4 RS87
VENGSPA W1 72852 610 LE) Gele 36,56  42.9 %58 1 Py 1 [X1L)
“ADTSON W1 157814 860 53 6.8 37,1  43.8 45.6 89,4 141158

RYTWAUXEE Wl 1149937 610 53 bete 36. 4 42.9 45.6 88.5 101723




1 2 3 4 COSMIC RADBIATION DE 8 9=T+A 10=(2x9% X, 001
TCATT STVR TERR DOSF FO TNTAL EXT DF UAN-RE™
PODPULATION  FEETY CEG NO 5 6 Tx6e6 MREMS /YR HMREMS /YR
NEUT TON TOTAL

WECTRE W1 95862 &30 3 6.5 36.5  42.9 45,6 88,5 R487

WISCONSIN NU 2344153 968 54 7.0 37.3 66,3 45 .6 99,9 210129

W1SCHNS IN 3951777 832 54 6.9 37.0 43,7 &5, 6 A9,3 353087
TSRO IRG NU TICOEE 5800 L1 TR B &1.7T #O,5 45 A 126.1 “l61é
WYURTNG N08% LL LI 0 18.% "~ 61.7 80.° 45,6 1%¢.1 41614
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Table A-2. Total calculation of average dose equivalents due to terrestrial and cosmic radiation by States

1 2 3 4 COSMIC RADIATiON DE 8 9=7¢8 10=(2X91 %, 001
STATF 1960 ELEVATICN MAGLAY YPEMS/YR TERR DNSE FO TOTAL EXT DE  MAN-REM
POPULATIGN __ FEEY PDEG NO 5 a 2=5¢8 ~MREMSZYR MREMSZYR
NEUT  ION TOTAL
ALAPAMA 3266740 49R 43 6.3 36,2 42,5 14,9 77.4 252874
ALASKA 226167 250 61 5,9 35,7 4l.6 45.6 B87.2 19726
ARTICNA 1302161 7191 42 6.2 41,9 Sl.1 45,6 96.7 125970
ARKANSAS 11862172 649 4l 6,5 36,8 43,3 30,1 73,4 131151
TALTFOPNTA 15717204 39] %3 be1 36.0 42,2 6.4 78.€ 1235310
COLCRADD 1753947 5402 48 17,4 58,8 76,2 65 .8 142,0 249066
CONN 2535234 169 53 .8 35,6 4l.4 51,1 92.5 234508
NELAWARE 446292 105 51 Ss1 38,4 41,2 30.8 12.0 32125
WASH DC 763956 150 50 5.8 35,5 41,3 35,4 T6.7 58606
FLORINA 49515460 56 38 5,7 35,6 41,0 22,3 63,4 313899
GENRGTA 3943116 6A9 43 6.6 36,7 43,3 38,9 2.2 324130
HAWALT 632712 147 21 5.8 35,5  41.3 45,6 36.9 55003
TDARD §67191 3659 51 12.3 48,1  60.% 45,6 106.0 70751
ILLINOIS 10081158 641 52 6,5 36,5 43,0 al.7 24,1 8538136
TND IANA 4662498 729 60 6.6 36,7  43.3 44,9 RB,2 411232
1OWA 27157537 1040 52 7.1 37.6  44.6 45,5 90,2 248803
KANSAS 2178611 1395 %5 7.6 38.7 46.3 45.6 1.9 200246
KENTUCKY 3038156 789 48 6.7 36,9 43,6 43.6 A7.0 264320
LLUISTANA 3257027 T 41 5.7 35,6 4l.1 22.8 61.9 208149
MA INF Q469765 339 56 6.0 315.9 “l.9 45 .6 37,5 84827
WARY({AND 3100639 146 51 5.8  35.6 4l.4 1.9 73.3 227116
MASS 514A57% 190 £4 5.9 35,6 41,5 45,2 86,7 466418
TTCHIGAN T873194 701 54 heb 3647 @32 456 RB, 6 694716
MINNESOTA 3413866 1136 54 7.2 37.9  4&S.1 39,8 94,9 289815
MTSSISSIPOT ZITRI41 269 %3 6,0 35,7 41,7 2248 54, % 1404 38
MISSOURL 43198113 719 48 heb 6.7 63,3 44,8 88,1 38065]
MONTANA 674767 3460 T4 11.9 47,7 59,0 45,6 104.6 70592
NEBRASKA 1411130 1426 50 7,7 38,8 46,5 45,6 921 129915
WFVADA 7852TRh 3754 45 128 69,2 6241 37.5 99,6 2B41R
N HAMPSHIRE 506921 A0 55 5,5 36,5 63,0 45,6 A8, 6 53750
NEW JERSFY aN66T792 AT 52 ST 15,4 41,1 43.5 %, 6 513259
NEW MEXICN 951023 S$179 43 16,7  S7.2  73.8 51,7 125.5 119362
NFW YNRK 16772106 217 53 5.9 35.7 4l.6 45.0 R6. 6 16453613
N CAROU INA 4556155 200 47 6,7  37.1  43.8 38,5 82.4 375216
N CAK(TA 532446 16¢8 56 A.0 39.4 47.5 45.6 935.1 58853
ONIN 9706397 157 £2 6.6 36,8 63,4 43.9 7,3 847349
TKLAHCHMA 2328784 1316 X3 7.5 3B.4  45.9 44,9 90.8 271508
OREGCN t 768687 691 51 6.6 36,8 43,3 45,6 88,9 157308
BFNN 113192366 528 52 6.3 36,3 42.6 8.2 T8.8 A9I089
RHODE 1D 959488 113 53 5,7 35,5 &],2 42,9 34,2 723
[WLTY 2102096 %24 %5 6.2 36,1 &2.1% 38 .6 78.9 1480
S NAKOTA 680516 1919 53 8.6  40.5 49,0 456 94.6 64383
TENNESSEE 3567989 723 46 A6 35,8 43,4 19.4 82.9 295375
TEXAS 9579677 863 41 1,0 17,6 Lo, & 29.0 T3.6 705323
UTAH 8906271 4595 48 14.9 53.5  68.4 45.6 114,0 101494
VERMONT 2189881 590 55 6.4 36,4 42,8 45.6 88,4 34458
VIRGINTA 3966969 609 %9 6.5 36.6 &3,1 34.6 Tr.7 308035
WASHINGTON 2853214 45% 54 he2 36,2 62,4 45,6 88,0 250996
WEST VA 1660421 1269 50 Tea 38,3 65,7 46,7 92,4 171891
WiSCONSIN 30511777 B32 54 6.0 37.0 43,7 45 .6 39, 3 353087
_ WYORIN 330068 $A00 50 18.8 6&1.7 80.5 45,6 126.1 4161%




Table A-3.

Program to calculate average dose equivalents from terrestrial and cosmic radiation

ISN_0002 IMPLICIT REAL*R (A-H4,7-7)

TSN 0003 NIMENSTION PNG(350),STAPOP{ST Y, RF4(SL),TN{4),ATA(280),AC0(25n),
17TA0S(350),STATFES51,3),PFIFVIS]1),PCNUTG{ST),PrINN&GIS]), AL (4, 360),
20TNNSOLS1) ¢ SANP(S1),SENSYR{ 511 ,SOFNIS1Y,LAT(510 s INTFRV(49),
2AMIN(AO) PERCT(160)

ISN 0014 NATA TWRITF,IHALD,ISWTCH,J/4%0/, INTFAV/49%0/

ISN_N005 NATA TOTPIP,ANREM,EL4FAN,COSYRM, TONSOM,AEDTOT 740,07

ISN 0004 NATA STAONP SOFY,DELFYV,PrNUTSL , PCIM NG, SCNISYR, S ANR STF, PTrRer
1/51%0.0,51*0,0,51%0.0,51%0.0,51*%1,0,51#0.0,51*%0.0,5120.0,51*3.0/

ISN 0007 NN 10 [=1,9

ISN_00C*® 11=[%6-5

ISN 0009 12=1%6

1SN _h010 TF(1.F0.9112=5] .

ISN 0012 10 REAN(S, 904 LITSTATE(K, J) +J=1,3) JLATIK)) K=T1,12)

ISN 0012 HRITE(H,907)

TSN 001% CEAD (549051 ((TD(T1,1=1,31)

ISN 0015 o 15 i=1,8

ISN 0016 N=T1%10

SN 00L7? M=N-9

TSV no18 READI5,9131 (AMIN(K],K=M,N)

ISN 0019 15 CANTINUF

1SN 03720 N 16 §=1,R

SN 1921 N=1*10

TSN 0172 M=N-9

ISN 0n)>3 REANIS,914) (PERCTIK) ,K=M N}

TSN nora 1/ CONTINUE

ISN 0025 NN 17 1=9,16

TSN 026 N=1210

ISN 0027 M=N-9

TSN D02R BEAN(6,916)1 (PERCTIK} K=M,N)

ISN 0029 17 CINTINUF

TSN 000 20 TWOITF={WRITE+]

ISN 0031 J=j+1

ISN 0032 QFANIS,906) TALOCI Ty )11 44),ISTATF,00P{J),ELEV,GLAT,ITD,TD(&)

15N _N033 JFLISTATE.NF, [HOLNIGN TO 7O

TSN 0035 A0 IF(ITD.FQ.9)IGN TN 90

1SN 0037 [F(IMRITELLT,SS1G0 TO 60

TSN 2039 TWRITE=0

[SN_0040 WRITF(4,907)

TSN 0041 «n TI0SN = T0((TNY

1SN 0042 P3PU=POP (J)

TSN 0043 FUMF ANSE LMEAN+FLEV*DONPY)

ISN_0044 TATPNP=TNTPIP4+PNP')

TSN 045 €L=FLFV/1000,

1SN _NO&h CINN1=1,N0%.03093FL+,025%FL*EL—,O0N3ASEL##3+,000453%F1 *24-,0000156%
1 FL%&S

1SN 0047 CICN2 = 2,64C1ON]

TSN ON&R CION3 = 1 ARCIIND

1SN 004 CIONG = A, 766¢( 1NN

1SN 0050 CNUTG: 5, 6%NEXPI(1033,-1033,%(.999RT1=.0359535¢FL+3.93563D-64eFL

1#FL42,753220-5%F| $23-3,22146N-C*EL *%649,30R807N- A¢EL**5)11/165.)
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Table A-3. Program to calculate average dose equivalents from terrestrial and cosmic radiation—Continued

1SN 03851 CNUTY = CNYTL/8, 766

TSN 005> FASHR = CION3I+CNIT?R

1SN n0K3 fNSYR = 8, 7AASCNSHR

1SN 70654 NEN=LNSYR+TNNSN

1SN ONSS [FLITD.FQ.LIBN TN 120

ISN 0057 IS(ITR,EQ,2)IRN TN 130

1SN 0059 N=1

1SN 006A0 NC 60 1=38,271,5

ISN 0081 FELNED-T)60,50450

1SN 0062 50 N=Nel

ISN 00AK2 A0 CANTINUF

TSN onéa INTERVINY= INTEOV(NT +P0PYY

1SN 0065 65 ANR=(FDsPOPU

1SN ON&A ANPF Y= ANRF M« ANQ

ISN 0067 COSYRM=COSYRMer NSYR PP}

TSN ONGR TANSOM=TDS M+ TNASOXPAIPI) B

ISN 0049 NENTOT=NEDTAT+NED

1SN ©070 TNOS{JY=NFN

1SN 0071 ATD(JYy=TD0SN

1SN Q072 ACDUJI=CCSYR

ISN 0073 SREM{[STATEI=SRFM{ISTATE)¢«QED*DPNPY

TSN NO74 STAPOP{[STATF1=STAPOP(ISTATE)+PNPY

1SN 0075 PELEVIISTATF)=PFLEVIISTATE) +PNPUSELEYV

TSN 0076 BCNUTG(TISTATE) =PI NUT& (T STATE)+POPUSINUTS

ISN 0077 PCINNG(ISTATEI=PCINNGITSTATE)+ 200 [ ING

TSN J078 SANR (T ST AT T =S ANRTTSTATF) ¢ANR

ISN 0079 SOEN(ISTATE)=SNEDCISTATEI+QEN*PNPL)

ISN 0ONRO PTONSNIISTATE) =PTDAOSN(ISTATE)+POPUX*TNNASN

1SN 0081 SCAOSYR(ISTATFE)Y=CNSYR*«PNPY+SCONSYRITSTATE)

TSN 008> TPAP=PNPI+,5

1SN 0083 TANR = ANR*,001+,5

TSN ODR4 LA =GLAT+,.5

TSN NORS IFLE =FLFV+,5

1SN ONRA WRITELA, 90 TALNT (T,J)e1=1,4),1POP,TELELLA,TNYT4,r IDNG,T NSYR, TDOSN
1 4NEN, 1 ANR

TSN OnfY #0 10 20

1SN NORR 70 TFLISWTZH.FN.116N TN B0

1SN 009N TSWYCH=1

ISN nnat THOLD=ISTAYE

1SN 00Q2 G 10 30

1SN 0092 A0 Y=IHOLN

1SN N09% PADY=],050

TSN 0095 IFISTAPIP{T) AT N IPOPU=STAPOP(])

1SN 0057 iPND = O

1SN 0098 JE(STAPIP(1).6GT .0, [POIP=POPU+,5

1SN 0100 TELE=PFLEV{T) /POPU+.5

1SN 0191 CNUT4=PCNUTS(1)/P0PY

ISN 0102 CIDNG=PCION&( ]} /PNPY

ISN 21192 COSYR=SCOSYR{ 1) /PP

1SN N104 T00SN=PTDOSNIT} /PAPY

ISN 2105 DFD=S0ENLT ) /DNPY

TSN 0106 TANR=SANR(I}*,001+,5

1SN 0107 INRITEF=[WR|TE+G




Table A-3. Program to calculate average dose equivalents from terrestrial and cosmic radiation—Continued

I[SN 0108 HRITE{6: 900 (STATE{[ M) M=1,3),1PQP, JELE LATE]], CNUTS,CIONG ,COSYR,
1 TDDSO,0FD, J4NR
ISN 0109 {HOLD=ISTATF
ISN 0110 GN TN 30
1SN Ol11 S0 WRITE{6,909)
ISN 0112 NN 100 1=1,51
JSN 0112 POPY=1,050
SN 0116 [FISTAPOP (1) 67,0, )P0PY=STAPOP{T)
ISN Ol116 1°0P = 0
TSN 0117 IF{STAPNP(TY) A7, 0. ) TPP=PNPJ+ .5
ISN o119 IFLF=PELEV{I) /PNPU+, S
TSN 0120 CNUT4=PCNUT4(T1/P0PU
ISN 0121 CINN4=PCIONGL 1) /PNPY
1SN 0122 CASYR=STOSYR( 1) /00pPY i
1SN 0123 TONSN=PTNOSOLT ) /P0P
TSN 0124 BEN=SOEN(T ) /PAPU
{SN 0125 TANR=SANR([)1*,001+.5
TSN 0126 100 WRITE(A,Q10)TSTATF(T,J),3=1,3), IPAP,TELE,LAT(T),CNUTSG,CIPNG,CCSYR,
1 _TDOSN,0EN,148NR
ISN 0127 WRITE(6,9111
1SN 0128 TANR-ANREME N1+,
TSN 0129 FUE =FLMFAN/TOTPND
ISN 0130 CNSYR=(CNSYRM/TQTPNPD
TSN 0131 OFDTNT=ANRENM/TOITPND
1SN 0132 TNPS0=TDOSOM/ FOTPNP
TSN 0133 WR sl 21ELF,CARYR,TNOSO, GENTOT 4 TANR
ISN 0134 WRITE{R,901)
TSN 0135 (=34
___I5N 0136 1=0
TSN 0137 WRITE(A,9021 1,0, INTFRV(1)
ISN 0138 L=123
TSN 0139 NO 110 1=35,271,5
ISN 0140 J=1+4
TSN 0141 K=T-L
TSN 0142 L=L¢4
TSN 0142 TF({1.67.2691J=999
1SN 0145 WRITE(A,902) [oJ ¢ INTERVIK)
1SN 0146 110 CANTINUE
ISN 0147 WRITE(6,903)170TPQP
TSN 0148 <YoP
1SN 0149 120 DO 170 4=1,74
TSN 0150 (=M
ISN 0151 140 NM=AMIDI{L)+COASYR
0157 N=1
ISN 0153 00 160 1=35,271,5
TSN 0154 TF(NM-T11604+150,150
ISN 0155 150 N=z=Ne&1
TSN 0156 168 CONTINUE
{SN 0157 INTFRVINI= INTERV(N)+(PERCT(M)sPOPU}
TSN 0158 170 CONTINUE
ISN 0159 GO T0 85
1SN 0160 130 N0 220 M=81,154
1SN 0161 t=M-80




Table A~3. Program to calculate average dose equivalents from terrestrial and cosmic radiation—Continued

2 1992 NM=AMID{L}+COSYR

1SN N1A3 N=]

ISN 0184 NN 210 1=35,271+5

ISN 0165 TF{NR=-T) 210,200,200

ISN 0164 200 N=N+1

1SN 0167 210 CONTINUF

l§§70168 INTERVINI=INTERV NI+ (PERCT(M)*POPU)

TSN 0169 220 CONTINUE

1SN 0170 60 TN &6

TSN 0171 Q00 FORMAT (710X, 2A%¢SX IRy 2X s 1595Xe12¢4Xe3TFS, 142X +6XsF6.1¢RX,F6a1y
11x,114/7) :

TSN 0172 GR1 FORMAY (1H1, 10X, 4ARDTSTRIRUTION OF POPULATINON VS, DNSF EQUIVALENT,
1//47X,22HT0TAL_NE 1960 W /42Xy 2 2HMRFMS /YR POPULATION//)

ISN 0173 902 FNRMAT(4NX,[442H =414,5X,1R)

ISN 0174 903 FORMAT(1H]1,20X,22HTNTAL PAPULATION = yF12.01

TSN 0175 Q04 FNRMAT (A(2A4,43,E2))

ISN 0176 90K FNRMAT {3F5,1,3F4,.2)

ISN 0177 Q0R FNRMAT {3A4,A3412,FR.NFA,0,F4,0,11+Fh.1}

1SN 0178 Q07 FNRMAT(1H1, 18X ,1H1,12%, 142, 10X,1H3,RX,1H4,4X, 1 9HCOSMIC RADIATION DO

TF o I0X, 148, 11X,y SHO=T48,5X, 13H10={2X9)1X,001,/.,1H +15X,RHLOCATION, TX,
2 4H19€0,6X 16HELFVATIIN MAGLAT, 55X, AHYREMS/YR, 11X, 36HTFRR OOSF €Q
ATOTAL EXT DE MAN-REM, /7 ,1H 27X, 10HPNPULATION, 3N 4HFEFT,4XAHDFG
ANO 36Xy THS s SX o THA LS X SHT =546, BX, AHMRFMS /YR A Xy BHMOFMS /YR, /4 1H 56X,
R GHNFIIT, 3X, SHTAN, X, SHTOTAL, /)

ISN 0179 QOR FNRMAT(IH 411X ¢384,A3,2X408,2Xy15+5Xs12+4X+3{FS.1,2X),6X,F6.148X,
U PR T SX, 110}
1SN 018’9 909 FOARMAT{141,1RX,1H1 412X, 1H2, 10X s1HY,8X,1H4,4X, 19HCOSMIC RADIATIAON D

1F s 1OX,IHA, 11X, 0HA=T+R,5X 1 3H10={2X9IX, 001,47 ,1H L16X,5HSTATF,qX,

2 4H1960, 46X, 1H6HFLFVATININ MAGLAT5X, AHMREMS /YR, 13X, 3AHTERR NNSE EQ
ATNTAL FXT DF MAN-REM, 7 ,1H 27X, 10HPOPULATIIN,3X,4HFEET,4X,AHDEG
4NDyeX,y 1HS, SXy1HA, SX 4y 5HT =546, 8X,8HMREMS/YR,6X, AHMRFMS /YR, /,1H ,56X,
5 4HNEUT,3X, 3HINN,4X,SHTOT AL, /)

JSN 0181 10 FORMAT(1Y 12X %8444 %+T842Xs1545Xs12,4X43(FS.142X)16X,F6.1,8X4F6.1
1+5X,119)
ISN 0182 971 FORMAT(1M],42%,29HSUMMARY DATA-FXTFRNAL DOSF EQ.//,31X,2THMEAN PNP

LULATED MEAN COSMIC,3X,22HMEAN TERR NE  TOTAL DE,3X,13HTOTAL MAN-R
2FM, /4, VIXy2BHELEVATION-U,S, RADIAVION DE,5X,AHMREMS/YR,4X,

3RHMREMS /YR, /435X 4 4HFEET 10X, BHMREMS/Y Q)

1SN 0181 G12 FOPMATOIMO35XeFSel o 10X Fbal e AN, FHLL4TX,FB, 142X, 1121
TSN D1A& 913 FNRMATIINFS,. 1)
ISN 0185 Q14 FOPMAT(10F6.5)

ISN 01R& FND




APPENDIX B

Effect of Building Materials on Exposure

The following assumptions are made in esti-
mating the effect of indoor living on DE:

1. From table 16, it can be seen that the ratio of
the indoor to outdoor DE for wood frame
houses ranges from 70 percent (Lowder and
Condon, 1965) to 82 percent (Yeates et al.,
1970).

Similar ratios for homes of masonry construc-
tion range from about 72 percent (Ohlsen,
1969) to 106 percent (Ohlsen, 1969, and Yeates
et al, 1970). Based on an analysis of these
data, it has been assumed for purposes of this
study that the inside to outside DE for frame
houses is 70 percent and for masonry houses is
100 percent.

2. Seventy-five percent of the U.S. population is
assumed to live in one-family homes, based
upon U.S. Census Burean (1960) estimates that
76.3 percent of all housing units are single
homes and that the mean number of occupants
per household does not vary significantly ac-
cording to single or multihousing unit status.
During 1964 to 1968, data collected by the Fed-
eral Housing Administration (FHA) on finane-
ing new and existing homes (U.S. Department
of Housing and Urban Development, 1969)
+ showed that the proportion of frame houses
sold in the United States ranged from 75.0 per-
cent to 92.2 percent. Although FHA-financed
sales account for only a minority of home
sales, they represent the only data available on
housing construction. On the basis of these
data, it has been estimated for purposes of this

study that 80 percent of the single homes in
the nation are of frame construction. Masonry
construction is assumed to account for the bal-
ance of single homes. It should be noted that
the FHA designation of frame houses refers
to the method of roof support, and approxi-
mately one-third of all frame homes have some
brick or stone facing. The other 25 percent of
the U.S. population is assumed to be divided
equally between living-in-frame and masonry
dwellings.

3. Sixty-eight percent of the U.S. population
(U.S. Census Bureau (1969) for 1966) is as-
sumed to be engaged in away-from-home activ-
ity (school and work) for 40 hours/week, or
24 percent of the time. This time is assumed
to be spent in buildings which are 50 percent
frame and 50 percent masonry. The remaining
32 percent of the population is assumed to be
at home.

4. Ninety-five percent of an individual's time is

assumed to be spent indoors. This value is
based on a survey by Robinson and Converse
(1966), in which they summarize the ways (27
different categories) in which people spend
their time. Only two categories can be clearly
identified as outdoor activities (gardening and
walking) and these account for 0.1 hours/day.
Leisure activities account for 2.1 hours/day:
50 percent of this time is assumed to be out-
doors, making a total of 1.2 hours/day (5 per-
cent). Commuting time and nonwork trips are
assumed to be indoor activities for the purpose
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of this study. Automobiles provide an attenua-
tion of 0.77 (indoor/outdoor terrestrial DI)
(Solon et al.. 1960), which is similar to that of
dwellings. Other modes of transportation are
also assumed to similarly reduce the terrestrial
DE. An error may be introduced by assuming
that all work is done indoors. We must keep in
mind that many kinds of work are “outdoor™
occupations. On the other hand, much of the
work in outdoor occupations, such as police and
fire duty, transportation, and construction, take
place under cover.

Based on these assumptions, it is possible to
estimate a “housing factor,” which is the average
factor by which indoor living reduces man’s ex-
posure to natural sources. The expression for
determining the housing factor (HF) is as
follows:

Home population

HF = ph[(th{ti) + (hmsmtl)}

School and labor
population at home

+ pi[ (heSetydy) + (hpSptids)]

School and labor
population at work

+ pi[(WSitidy) + (WaSytids)]
Outside
exposure

+ (px + P1)to (B-1)
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where
ph
he

proportion of population at home
(0.32),

proportion of population living in
frame dwellings [(0.75 X 08) +
(025 x 0.3) = 0.73],

= frame attenuation (0.70),
= proportion of time spent indoors

(0.95),
proportion of population living in ma-
sonry dwellings (I — he = 0.27),

= masonry attenuation (1.0),
= proportion of population working or

attending school (0.68),
proportion of time spent by workers
and students at home (1 — d, = 0.76),

= proportion of workers and students in

frame dwellings (0.50),

proportion of time spent at work
(0.24),

proportion of workers and students in
masonry dwellings (1 — W, = 0.30),
and

proportion of time spent outdoors (1 —
tl = 0.05).

The housing factor is found to be 0.80, when the
above values are substituted in eq. {B-1).



APPENDIX C

Calculation of 20 Error of Total Dose Equivalent

For the purpose of calculating an estimate of
the errors associated with the overall DE esti-
mate, the method suggested by Kline and McClin-
tock (1953) has been used. The overall DE is
calculated by i

DE = X1X2X3 + X‘ + Xs, (C—l)
where
X, = terrestrial DE,
X. = housing factor,

X; = gonadal screening factor,
X, = cosmic ray DE, and
= internal emitter DE.

The estimate of the +-2¢ range may then be cal-
culated by the following equation:

| ( °DE 3 °DE 2
WDE [( axl W;l) + ( an "Vz )

2DE z Ly
ceo F (3X5W‘) ] (C-2)

where

Wj,, Wz, P Wg = uncel"ba.inty (i2o) inter'
vals of parameters

X, Xy, . - - Xy and Wpg = the +2¢ interval

of the total DE.

The values for the means and 95 percent confi-
dence interval estimates may then be substituted
in eq. (C~1) (partial derivatives are calculated
in table C-1). Note that the procedure assumes
that the parameters are independent of each
other. Thus,

Wor = ([(0:64)(16)]* + [(32)(0.32)]"
+ [(32)(0.16) ]2 + (11)2
++(10)2 ) 12

(104.86 + 104.86 + 26.21

+ 121 + 100)*>

(456.93)v2

214, or 2opg = 10.7 mrem/yr.

L

It is interesting to note the relative contribu-
tions to the error variance of the overall estimate:

Relative
Parameter contribution
X, — terrestrial DE 4
X; — housing factor 4
X; — gonadal screening factor 1
X, — cosmic ray DE 5
X — internal emitter DE 4

For further improvement in the total error, it

would appear most useful to improve estimates

of X,, X,, X;, and Xj, in that order. Relatively

little would be gained in accuracy by improv-

ing X,.

Table C-1. Evaluation of partial derivatives in error
calculation

Parameter Partial derivative

x: ADE = > AX:
= Xa:XsAXa = 0.644%
ADE
Xs ADE = X AXe
= XiXsAXs = 32AXs
JDE
Xa ADE = X AXs
= XaXaAXs == 324Xs
dADE
X4 ADB = -5~ AX.
= 1AX: = AKX
Xs ADE = 10% = AXs
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be 88 mrem/yr. !
I

]

I

1

[}

]

I

I

3

3

I

]

I

I

]

t

]

KEY WORDS: Cosmic radiation; dose equivalent; natural radiation; population
exposure; surveillance; terrestrial radiation; United States.

o o e e i

i

i

]

i

]

t

i

]

I

1

1

[}

:

To arrive at an estimate of the gonadal DE, the influence of housing, bio- !
logical shielding, and the DE contribution from internal emitters was also I
considered. The first two factors serve {o attenuate man's gonadal DE due fo f
terrestrial radiation by about the same amount that is contributed by internal :
emitters. The average gonadal DE to the U.S. population was calculated to 1
be 88 mrem/yr. !
]

]

]

]

]

i

]

]

]

[}

[}

]

1

1

1

1

KEY WORDS : Cosmic radiation ; dose equivalent ; natural radiation; population
exposure; surveillance; terrestrial radiation; United States.

To arrive at an estimate of the gonadal DE, the influence of housing, bio-
logical shielding, and the DE contribution from internal emitters was also
considered. The first two factors serve to attenuate man’s gonadal DE due to
terrestrial radiation by about the same amount that is contributed by internal 1
emitters. The average gonadal DE to the U.S. population was calculated to
be 88 mrem/yr.

KEY WORDS : Cosmic radiation ; dose equivalent; natural radiation ; population
exposure; surveillance; terrestrial radiation; United States.




