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Natural Radiation in the, Urban Environment 
By D. B. Yeates,*A. S. Goidin;t and D: W. Moellert 

Abstract: Natural radiation is the largest source of population 
dose and is important as a base line with which'radiation· 
protection standards may be compared. III this article preJ!i~us 
work on natural background radiation levels is summarized, 
and some new data from Boston, Mass., are reported. Gamma 
dose rates, corrected for cosmic radiation, were measured with 
large ionization chambers: dose rates inside wooden single· 
family dwellfngs were 25 to 50% lower than tJlOse outside; in 
masonry l11ulti,'Jle-family dwellings, they 'were about 10% 
lower. Concentrations of radon, daughters in the air were 
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measured by predecay and postdecay alpha spectrometry: 
concentrations in dwellings were compar.able with outdoor 
concentrations, but concentrations in basements were higher 
by a factor of about 5. Concentrations in office buildings were 
quite low, the radorz daughters being" removed by tlie venti/a· 
'tion system. Effects of building type, construction materials, 
and ventilation on human dose are discussed, as are possible 
ways of reducing population dose. 

Radiation of natural origin is widely recogniz~d as the 
largest source of human exposure to ionizing radiation. 
Natural. radiation is generally considered to contrib,ute 
a dose equivalent of 80 to 200 mrems/year to peo+1.le in 
the United States.! This may be cO!]Jpared with the 
genetically significant dose·equivalent average of 55 
mrems/year2 from medical radiation !lind of less than 5 
mrems/year from all other man-made radiation sources. 

1 Note Addrrd in Proof' A genetically Significant 
dose from medical radiation of 36 mre~s/year waS 
reported .from a 1970 survey at the 49th annual 
meeting of the American Congress of Radiology, Miami 
Beach, Fla., Apr. 6, 1972, by R. Brown, R. R. Fuchs
berg, and J. N. Gitlin in "Preliminary Dose Estimates 
from the U. S. Public Health Service 1970 X-Ray 
Exposure Study:"] 

The natural radiation to which man is exposed in 
the United States has not yet been delineated in detail; 
how~ver, it seems that such a description is ne,cessary 
as a basis for the evaluation of the significance of 
man-made increments to radiation exposure. Presented 
in this article is a preliminalY report of a study to 
determine the feasibilify of establishing the dose of 
natural origin and ~f c~ploring possible:rnethods for its 
reduction. Sources of natural oJigin include cosmic C 

radiation, radiation from naturally o,c,curring radio
nuclides in the earth or in materials in man's immediate 
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environment, and radiation from radionuclides within 
the body: However, for purposes of this study, 
naturally occurring sources were considered only if 
they had not been intentionally concentrated. Thus 
masonry materials were included, whereas such sources 
as uranium mill tailings, radium dials, and medical 
radium sources 'were omitted. Also included is a review 
of previous measurements of natural-radiation doses 
supplemented by measurements of cosmic-radiation 
doses, terrestrial gamma doses inside and outside 
various buildings, and concentrations of radon

,daughter products in the air. 

BACKGROUND DATA 

Measurements of natural background radiation 
have been made at numerous places throughout the 

. world. In the United States these measurements tend 
to fall into three categories. First, single measurements 
were made at widely varying locations selected on the 
basis of their convenience to a given laboratory or their 
unusual geological characteristics. Many of these mea
surements were made in studies of nuclear weapons 
fallou·t. 3 •4 Second, aerial surveys were conducted in 
the vicinity of nuclear installa tions, and, third, special 
studies were conducted to estimate background radia
tion dose rates to a particular group of people.5- 7 

American studies of natural background radiation have 
not generally been concerned with the variability of 
the radiation background over small areas or short 
spaces of time. This aspect has been studied, however, 
by some European investigators.8 - 1 ° 

The experimental data in this article are expressed 
in terms of absorbed dose rate in soft tissue (muscle), 
usually in microrads per hour (l prad/hr = 8.77 mrads/ 
ycar). Data from the literature, many of which were 
originally given in terms of exposure rates, have becn 
expressed 3S absorbed dose ra les, using a conversion 
factor of 1 R as equivalent to 0.95 rad. Where a 
conversion from absorbed dose to dose equivalent was 
desired, a quality factor of 1 has been assumed for low 
linear energy-transfer radiation (beta, gamma, and 
cosmic), so that the absorbed dose rate is the same as 
the dose-equivalent rate. For the neutronic component 
of cosmic rays and the alpha radiation from radon and 
its daughters, the specific quality factor used is given 
with the data. 

Cosmic Radiation 

Cosmic rays, at the altitudes where man can live, 
COJ1Si~,t of an ionizing component, mainly muons 
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(ll-mesoIlS) and electrons, and a neutron componenL l1 

Estimation of the dose equivalent received from cosmic 
radiation has been difficult because of uncertainties as 
to the neutron spectrum and its associated quality 
factor. The dose rate from the ionizing component at 
sea level in middle latitudes is considered to be about 
28 mrads/year (Ref. 11). The best value for the 

. neutron dose rate, again at sea level in middle latitudes, 
is probably about 0.7 lnrad/year (Ref. 11), as com
pared with a previous estimate of 2 mrads/year 
(Ref. 1). 

The variation of exposure rate from cosmic radia
tion with altitude and latitude is well docu
mented .. 1 ,11.l 2 At 50° geomagnetic latitude, the 

cosmic-ray intensity at 5000 ft is 60% greater than at 
sea level; at 10,000 ft, it is more than three times the 
sea-level value. Variation with latitude is much less. At 
sea level the cosmic-ray intensity at the poles is perhaps 
12% greater than at the equator. There is a somewhat 
greater latitude effect at higher altitudes, but even at 
10 ,000 ft it is only about 50% greater at the poles than 
at the equator. Within the United States the latitude 
effect may be neglected for all practical purposes. 

The cosmic-ray dose to people in aircraft is of some 
interest. O'Brien and McLaughlin I 3 estimated the dose 
rate from cosmic radiation at 55° geomagnetic latitude 

to be 0.24 to 0.29 mrad/hr (0.28 to 0.38 mrem/ln-) at 
II km (36,000 ft) and 0.81 to 0.93 mrad/hr (1.05 to 
1.35 mrems/hr) at 20 km (65,500 ft). An International 
Commission on Radiological Protection task groupl 4 

estimated the dose rates in polar latitudes to be 0 .70~ 
mrad/hr at 60,000 ft, 0.81 at 70,000 ft, and 1.34 at 
80,000 ft. The corresponding dose-equivalent rates are 
1.23, 1.80, and 3.10 mrems/hr. The average dose 
equivalent to We U. S. population from air travel can 
be estimated at less than I mrem/year from data given 
by Schaefer. 1 5 

Terrestrial Radia>'tion 

Terrestrial radiation includes beta and gamma rays 
from radionuclides in rock and in soil. The major 
contributors to terrestrial gamma-radiation close are 
4°K and the 238U and 232Th decay series, in the 

approximate ratio 2: 1 : 2. A numb~r of literature 
surveys of terrestrial gamma dose are 3.vail
able.I,ll.12,!6-t 8 

Terrestrial gamma-radiation exposure is strongly 
intluenced by geology.! .12 Over large freshwater lakes, 
for example, there is virtually no terrestrial ga111111<l 
radialiun. Highest values are ohserved over acidic 
igneous rocks, slich as granites, where dose rates up to 
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350 mradsjyear have 'been fou~d. In a few places, 
prim:nily monazite areas, dose rates as high as 1300 
Inrads!year have been observed. Radiation from ter
restrial gamma sources is also affected by meteorologi
cal conditions. Probably the most important effect is 
shielding by snow cover and by moisture in the soil 
aftcr heavy rains. IS ,1 9 

Published data on the beta contribution to the 
terrestrial dose differ somewhat. At 1 m above the 
ground, beta radiation has been estimated to contrib

,ute from 4% (Ref. 20) to 25% (Ref. 21) of the total. 
~ ~More recent estimates4 ,22 of the beta dose rate at 1 m 

above the ground are 3 to 4 .urads!hr (26 to 35 
mrads!year), or about 30% of the total. The beta 
contribution to genetic dose is less than this because of 
shielding by the body. ' 

Radon and Daughters 

The naturally occurring radioactive gas radon e 2 2 Rn) is a daughter of 226 Ra. It reaches the 
atmosphere by effusion from the, earth. The isotope 
thoron e 2 0 Rn), a member of the thorium decay 
series, reaches the atmosphere in a similar manner but 
to a much smaller extent since its half-life is much 
shorter. Both radon and thoron have a number of 
short-lived radioactive daughter nuclides that become 
attached to air particulates. Radon concentrations in 
the atmosphere vary from about 0.01 to 1.0 pCi/liter. 
Thoron concentrations outdoors vary from about 
0.0001 to 0.01 pCi/liter. Concentrations of these gases 
and of their daughters are markedly affected by, 
geology, by ease of diffusion, from the ground, and by 
meteorological conditions. The daughter products 
become attached to dust particles and may be removed 
by natural aerosol clearing processes. 

Radiation Within Buildings 

The radiation dose ~ithin a building is affected 'by 
the nature of the building mdterials, which act as both 
a source and a shield. Since an average person (in 
western urbanized cultures) spends upward of 80% of 
his lifetime indoors, population dose estimates that 
disregard this fact can be very unrealistic. Exposure 

, levels within brick, concrete, and stone buildings tend 
to be substantialiy higher than those in w~oden houses 
or outdoors, as shown. in Table 1, which gives data on 
measurements within buildings in various countries. It 
should be noted that measurements were made by 
several techniques, so that the results are not com
parable. In particular, several investigators subtra9ted 
the cosmic-ray contribution, so that their data refer to 

Table 1 Gamma Dose Rates Inside Buildings 

Exposure rate, 
Country mrads/year Technique* 

Germany (East)' 0 106; up to 1200 a 
Gennany (Wcst)23 120% of outdoor a 

and Switzerland 
Japan24 29 to 41 (wood, Tokyo) 

80 to 100 (wood, Kyoto) e 
48 to 68 (concrete) 

Japan2S 20 to 40 c 
Poland9 84 to 106 (97 apartments, c 

Warsaw, Lodz, Silesia) 
Sweden8 48 to 57 (wood) 

99 to 112 (brick) a 
158 to 202 (concrete) 

United Kingdom26 73 to 94 (wood) d 
87 to 122 (granite, Leeds, 

Aberdeen) 
Uni ted Kingdo1l12 7 26 to 70 (brick, concrete, d 

London, Sutton) 
United Kingdo~2 8 145 (granite, Cornwall) d 
United States29 ' 60 (wood) b 

130 (concrete) 
United Statbs3 0 55 to 110 (wood) a 

60 to 120 (brick, stone) 
United Statbs6 70% of outdoor, wood a 
Australia3 , 11 to 35 (wood and 

asbestos, coastal plain) 
41 to 127 (brick, coastal b 

plain) 
32 to 193 (brick, Darling 

range) 

*a = Ionization chamber, gamma + cosmic; b = ionization 
chamber, cosmic contribution subtracted; c = sodium iodide 
scintillator; d = Geiger-Mueller counter, cosmic contribution 
subtracted; "and e = plastic scintillator. 

terrestrial gamma contribution only, whereas othe~s 
did not. Scintillation techniques, especially with 
sodium iodide scintilla tors, probably underestimate the 
cosmic-ray component, so that values obtained by 
these techpiques represent dose levels between gamma 
only and gamma plus cosmic. Most of the results are 
for one- and two-story buildings. Pensk09 anu 
Ohlsen 1 0 have recently provided data for multistory 
bl,lildings in Poland and East Germany, but no com
parably extensive data appear to. be available for the 
United States. The weighted average of Ohlsen's values 
is 101 mrads/year, but values up to 200 mrads/year , 
were not uncommon. The two highest values were 450 
and 1200 mracis/year. 

A few' authors32- 34 have examined building ma
terials for their radioactive-material content. As would 
be expected, the dose rates' were found to vary 
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consid.erably depending on the origin of the building . , 
materials. 

The concentrations of radon and tlloron alid of 
their daughters within buildings are of importance 
since, in general, the levels indoors are higher than 
those outdoors and are dependent on the construction 
materials and on the ventilation rate. Radioactive gases 
may be evolved readily from some building mate
rials.3 5.36 This effect may be particularly great when 
the materials are warmed, as occurs especially with 
radiant heating systems. Sievert l 7 has summarized the 
concentrations of radon a.nd its daughters in various 
types of buildings. The average level of radon in 
buildings has been estimatedl I as 0.5 pCi/liter, with a 
corresponding thoron average of 0.02 pCi/liter. 

METHODS AND RESULTS 

Cosmic Radiation 

In the new·measurements reported here, two kinds 
of 16-liter ionization chambers were used for gamma
plus-cosrnic-ray exposures. One chamber37 (MEC) had 
6-mm muscle·equivalent walls and contained muscle
equivalent gas. The other chamber38 •3 9 (FFC) was 
filled with dry Freon-12 (dichlorodifluoromethane) 
containing less than 1.5% impurities. The walls of this 
chamber were polymethylmethacrylate (PMMA) , 
400 nig! cm 2 .' , 

Each chamber was connected to a Ca.ry vibrating
reed electrometer, which in turn was coupled to a chart 
recorder and to a voltage-to-frequency converter and 
·scaler.The converter-scaler combination made it 
possible to integrate the very small ion currents over a 
period of 5 rnin,giving results reproducible to within 
2% .. 

The two chambers were calibrated with a J .72-mCi 
226 Ra standard source. The source-chamber distance 
was 4 m. Corrections were made for the absorption in 
air and in the source container and for wall scattering. 

A daily calibration check of ;the FFC showed that 
the response declined. with time .. It was also observed 
ti{at the pressure dropped from 41.7 torrs above 
atmosphere to 81.0 torrs below atmosphere over a 
period of 4 months. Both the change iri response and 
the loss of pressure were attribut~d to loss of Freon-12, 
apparently by dissolution in the' PMMA walls followed 
by evaporation from the outer surface of the chamber. 

Cosmic radiation was measured with these instru
ments in a boat on Quabbin Reservoir, a large 
freshwater Jake. Under such conditions, virtually the 
total ionization is due to cosmic radiation since the 
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instruments are shielded from terrestrial radiation by 
the water and the long air path to shore. 

Cosrmic-ray physicists normally report their data in . 
terms of I, the number of ion pairs produced per 
second per cubic centimeter of air. This measurement 
is essentially the same as the measurement of exposure 
rate in roentgens, one ion pair per second per cubic 
centimeter being equivalent to 1.7 pR/hr. Since neither 
the MEC nor the FFC is air filled, the I values were 
calculated from the ionization current by correction 
fol" the nature of the gas. 

With the FPC, the ionization density I was fO,und 
to be 2.18 ion p~irs per cubic centimeter per secon4, or 
2.06 when corrected to sea level.38· This measuren1ent 
compares well with reported values of 2.1 (Ret 40) 
and 2.18 (Ref. 38) ion pairs per cubic centimeter. per 
second. The measurement of I with the MEC was 2.57, 
corrected to sea level, or 25% higher. This discrepancy 
may be, due to an incorrect ionization-efficiency factor 
for the gas (as compared with air), to response to the 
neutron component, or to some unknown effect. It 
was n0t due to instrument malfunction, since tile 
exposure-rate measurements on the instruments, which 
are relative to radium calibi'ations, agreed. They were 
4.27 pR/hr (37 mR/year) for the FFC and 4.43 .uJR/hr 
(39 mR/year) for the MEC, both corrected to sea level. 
In terms of absGrbed dose, these measurements become 
4.06 fJ.~·ads!hr (35 mrads/year) and 4.21 prads/hr (37 
mrads/year) for the two instruments .. 

When these measurements were made, the air 
concentrations of radon daughters were not aeter
minedl Failure to correct for their contribution intro
duced an errOl into the measurements. However, this 
error can be estimated as about 3% from the work of 
Pensko,4l in Poland, Who found the contribution to 
gamma radiation from radon daughters to be 0.13 
prad/hr in 196'4 and 0.14 prall/hr in 1%5. In spite of 
diurnal variations in radon content, the error is not 
expected to be greater than this because the reAdings 
were made during the afternoon on a clear, sunny day. 
Under these circumstances, radon-daughter concentra
tions are geneL'ally not at a maximum. 

Gamma Radiation 

Gamma-radiation dose was measured at 1 III above 
the ground or tloor with the MEC and FFC chambers 
described prcviously. Use of. two chambers simuHa
ncoti'sly provided a check against spurious readings that 
sometimes occur in measllring extremely small currents 
through very high resistors. These chamhers h:rd been 
calibra tcd in roentgens, using gamma radiation from 
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radium. The readings have been converted to absorbed 
dose, however, as previously described. To the extent
that beta radiation can penetrate the chamber walls 
and produce ions, the beta dose is also included .. In the 
actual situation, of course, the ionization in the 

. chambers is prqduced by gamma radiation from the 
surrouridings (plus beta; if any) and also by cosmic 
radiation; The dose from tei'restrial sources is therefore 
obtained by subtracting the cosmic-ray dose values 
from the total. The values obtained at Quabbin 
Reservoir, corrected for the dif(erence in altitude 
between Quabbin and Boston, were used for the 
subtraction. No correction was made for absorption of 
cosmic rays by building materials, since the cosmic 
radiation at sea level is very hard. 

In these measurements the chief concern was the 
r~iation levels within buildings. In many cases, out

"door levels were also measured for comparison. 

Single-Family' Dwellings. T~ble 2 shows the absorbed 
dose rates due to natural gamma radiation in seven 
Single-family dweI~ing~: Tllese were wood-frame houses 
with poured-concrete basements. Since no Significant 
differences were found b~t\IVeen 'measurements with 
the MEC and the FFC, the dose readings were 
averaged. 

Place 

ASp 
~1WF 
FSH 
WAB 
SP 
FJV 
DWM 

Table 2 Gamma Dose Rates (.urads/hr) 
in Single-Family DweUings* 

First 
Outdoors Basement floor 

6.2 5.3 5.0 
7.3 

9.0 6.8 
4.9 4.9 4.2 
8.1 6.2 4.3 
5.8 6.0 4.4 
6.5 6.8 6.2 

Second 
floor 

2.5 
4.1 

3.2 

*A .cosmic-ray contribution of 4.1 ,..radsjhr has been 
subtracted from all values. 

It can be seen that the dose from natural gamma 
radiation is reduced by 25% inside on the first floor 
and 50% on the second floor (assuming cosmic rays are 
not attenuated in a wooden building). The dose rates 
will of course not be reduced by this large a per
centage, since a constant cosmic-ray contribution of 
4.1 I.m.ds/hr must be added to all values to obtain the 
total dose rat~. 

Multiple-Family Dwellings. Measurements were made 
in three multifamily dwellings. These were what are 
normally called "brick" buildings, but details of their' 
construction were not available. For example;' it is not 
kn~wn whether these buildings were solid brihk, brick 
facing on 'concrete block, or some other; type of 
constructioJq.. Measurements were made in one resi
dence in each apa,tment building. Each residence 
happened to be on the second floor. Only in ;one case 
was a corresponding outdoor measurement made. The 
measuremeIits are given in Table 3. 

Table 3 Gamma Dose Rates (.urads/hr) in Multiple
Family Dwellings* 

Place Outdoors Second floor 

MLC 6.2 
JS 7.5 
OC 7.2 5.5 

* A cosmic-ray contribution of 4.1 ,..r:!ds/hr has· been 
subtra~ted from all values. . 

The average for the three apartments, 6.4 ,urads/hr, 
is substantially greater than the average value for the 
three second-floor readings in single-family dwellings 
(Table 2). This indicates additional dose, which: may be 
attributed to radioactive nuclides in the construction 
materials. In the one case where a comparison with the 
outdoor exposure is available, the gamma radiation is 
lower by 24%, showing that the terrestrial radiation is 
attenuated oy the building materials. In this case the 
attenuation rnore than compensates for the radiation 
contIributed by radionuclides in the construction ma
terial. 

Multistory Office Buildings. Measurements Wefl' made 
in four office or office-plus-laboratory buiidings. The 
most extensive series of measurements was made in the 
Har~ard Sch'ool of Public Health (HSPH) Research 
Building 1. This is a modern 14-story office-plus
laboratory' building of reinforced-concrete construction 
with interior wall facings of cinder block. Measure
ments were made in the corridors of several floors to 
investigate the variation of exposure rate with height in 
the building (Table 4). 

These m~3surements were made in part to test 
whether the a·ttenuation of terrestrial gamma radiation 
on the upper tloors would be greater or less than the 
possible attenuation of cosmic radiation on the lower 
floors. The 'data of Table 4 show a fairly constant 
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Table 4 Gamma Dose Rates in Office Buildings 

Year 
Building' completed 

IFK 1966 

HC, 1962 

SO 1917 

Construction 

Reinforced 
concrete 

Reinforced 
concrete 

Steel and 
concrete 

Interior 
walls 

Sheetrock 
partitions 

Sheetrock 
parti tions 

Sheetrock 
partitions 

Height, Gamma dose rate,* 
stories Floor /-Lrads/hr 

23 Basement 6.7 
5 4.8 

20 4.9 
23 6.5 

10 2 9.0 

12 Basement 5.5 
5 7.2 

12 7.3 
HSPH, 1969 Reinforced , Cinder block 14 Bascll1ent 7.3 

concrete 1 7.5 
3 7.4 
7 8.9 
9 7.8 

11 4.6 
" .f 12 6.7 

""'-' 13 5.8 
14- 6.8 

*A cosmic-ray contribution of 4.1 /-Lrads/hr has been subtracted 'from all values. 
,First four floors, 1962;'next 10 floors, 1969. ' 

", '. . 

radiation level for the first eight floors in the HSPH 
building and then a slight decrease. The'Se data were 
supported by nonspectrometric gamma measurements 
with a 3- by 3-in. NaI(Tl) crystal (Fig. 1). A possible 
explanation is shielding by heavy machinery on the 
10th floor. 

Measurements were also made on four floors of the 
John F. Kennedy Federal Building (JFK) in Govern
ment Center, Boston. This is a 23-story steel-and
concrete building that was completed in 1966. Interior, 
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Fig. 1 Total samma count rates on various t'ioors. 
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walls are Sheetrock partitions. All measurements in this 
building were ta:ken in office spaces. In addition, 
measurements wei"e made on three levels of an older 
office building (SO) housing part of the Massachusetts 
Department of Public Health and on the second-floor 
level in the main ~ui1ding at, the Holyoke Center (HC) 
of Harvard University. The HC building had a slightly 
higher dose rate than the other buildings tested. This 
may be attribute;d to differences in the radiol1uclide 
content of the ~ol1crete. The data for these three 
buildings are als6 presented in Table 4. The average 
gamma dose rate in these buildings was 7.3 .urads/hr, 
the cosniic-ray contribution having been subtracted. 

The data of Table 4 fail to show any significant 
change with height in the buildings. It can be inferred 
that the gamma dose measured originates primarily in 
the building itself and that the cosmic-ray dose is not 
significantly attenuated. This is in agreement with 
Ohlsen,1 0 who reported no change in radiaHon
exposure rates qn various floors of multistory build
ings. 

Radon-[,)aughter ,Concentrations 

The daughter products of 22 2 Rn are not generhlly 
present in the air in equilibrium concentrations. It was 
therefore necessary to measure the absolute concentra
tion of each datlghtcr, using a modifkation of Dug
gan's42 method. Radon-daughter products, attached to 
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air particulates, were collected on a membrane-filter 
apparatus, shown in exploded view in Fig. 2. An alpha 
spectrum of these particulates was taken during the 
30-min sampling period and again after a 30-min decay 
period. Figures 3 and 4 show typical examples of these 
two spectra. The first is characterized by peaks at alpha 
energies of 6.00 and 7.68 MeV, corresponding to 
218pO 311d 214pO; the second shows only the single 
7.68-MeV peak. The counting rates in each peak were 
corrected for geometric efficiency43 and peak overlap. 
Self-absorption loss was taken to be zero. At a flow 
rate of 15 to 20 liters/min, sensitivity was about 0.01 
pCi/liter for each of the three significant short-lived 
daughters 218pO, 214Pb, and 214Bi. At this level 
precision is poor, but tllC method is quite satisfactory 
over the range 0.1 to 100 pCi/liter. The determination 
does not give the concentration of 222 Rn itself, but 
this can be approximated44 by using the ratio 
222Rn/21Spo = 1.12. 

Ventilation tates, which affect the state of equi
librium of the radon daughters, were measured by 
injecting about 0.5 lb of CO2 into the room from a 
CO2 fire extinguisher. The CO2 concentration was 
measured with Kitagawa low-range tubes after a mixing 
period of several minutes and again at a suitable later 
time. The ventilation rate (air changes per hour) was 
then calculated.4 5 

Because of the exchange of air between the room 
being measured and the remainder of the building, the 
ventilation rate obtained by this method may have 
b"en greater than that for the whole apartment or 
building in which the room was located. In some cases, 
however, it was not feasible to fill the whole apartll1ent 
or building with an equal concentration of CO2, so 
more accurate determinations were not possible . 

. All measuremen ts of radon-daughter concentra
tions in this study were made in the summer months 
and ·lherefore are limited by any se;lson:d effects th:it 
may exist. The concentrations of the various nuclides 
and the ratios of these cOllcentrations for single- anc! 
multiple-family dwellings are summarized in Table 5. It 
ean be seen that the concentrations in basements were 
4 to 23 times those found on the first 11oors, with the 
exception of the basement of WAB, which was 
ventilated just before this measurement. The concen- . 
tr3tions outside alld inside wood hOllses arc not 
significantly (Efferenl. The low levels of concentration 
in apartment buildings are thought to be due to better 
ventilation. 

COllcentrations . of r:Jdon daughters in the four 
office buildings were 'also quite low. All the DuilJings 
had central aiFconditioning except the SO building, 
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Fig. 2 Air filter and alpha-spectrum detector (exploded view). 

which had a number of individual units. Most of the 
radon daughters in oflice buildings were thus removed 
by the filtering system and th~ rapid circulation of air. 
Table 6 shows the concentrations measured. 

The data of Tables 5 and 6 show a general decline 
of radon-daughter concentrations with increased venti
lation. The COl1cemration of the third radioactive 
daughter, 214pO, relative to the others, seems to be a 
littie lower in dwellings with three or more air changes 
per hour, but this trend is not apparent in the office 
buildings (Table 6). It may be that the filtration 
provided by the air-conditioning systems in the office 
buildings removes ;:111 the daughkrs tll ~ln extent 
sufficient to hide til,' depletion or 214PO. 

Calculation of the absorbed dDse and. of tlie d\lse 
equivalent from radon daughters is not straigh [forward, 
primarily because of uneven distribution M the daugh
ters iil the respiratory tract and in the body. Much 
work has been done on this problem, particularly in 
connection with uraniu'm miners. Parker46 has aptly 
dcscrib~d the situation as "The Dilcm;na of Lung 
Dosimctry." He has sliggeskd tll:lt eXp(lSlIrL~ t\l raLillIl 
d:lllghtcrs amolillting.to one "w,lrking-kvcl':llllllth" 
(\\ILM) corresponds (0 a dosc of 7 rads j(; a port illn llf 
the bronchial epitht?lilllll. An app,\lximaie c;tiibr;lti(1Il 

. for the levels observed in ;lir in buildings may be 
obtained from this. The "working level" was defined4 7 
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Table 5 Radon-Daughter Concentrations in Dwellings 

Concentrations, pCi/liter 
Number of air 

Code Location 218PO 214Pb 214pO Ratio changes per hour 

Single-Family Dwellings* 

ASG Outside 0.04 0.04 0.03 1 : 1 : 0.8 
1st floor <0.005 
Basement ~0.1 

MWF 1st floor 0.04 0.04 0.02 1 : 1 : 0.5 6 

FSH Outside 0.01 0.01 0.007 1 : 1 : 0.7 
Inside 0.06 0.06 .06 1 : 1 : 1 2 

WAB Outside 
1st floor 0.23 0.17 0.17 1 : 0.7 : 0.7 2 
2nd floor 
Basement 0.14 0.16 0.05 1 : 1.2 : 0.4 3 

SP Outside 0.03 0.02 0.04 1 : 0.7 : 1.3 
1st floor 0.03 0.03 0.02 1 : 1 : 0.7 
2nd floor 0.03 0.02 0.01 1 : 0.7 : 0.3 
Basement 0.30 Q.26 0.16 1 : 0.9 : 0.3 3 

FJV Outside <0.01 
1st floor 0.04 0.04 0.04 1 : 1 : 1 3 
Basement 0.94 0.97 0.84 1 : 1 : 0.9 1 

DWM Outside 
1st floor 0.12 0.15 0.13 1 : 1.2 : 1.1 2 
2nd floor 
Basement 0.52 0.46 0.34 1: 0.9: 0.6 

Multiple-Family Dwelling~t 

MLC 2nd floor 0.01 0.01 0.01 1 : 1 : 1 

JS 2nd floor 0.07 0.D7 0.03 1 : 1 : 0.4 9 

OG Outside 0.15 0.09 0.D7 1 : 0.6 : 0.5 
2nd floor 0.19 0.18 0.13 5 

*All single-family dwellings were wood frame witl:! poured-concrete basements. 
t All multiple-family dwellings were brick. 

Table 6 Radon-Daughter Concentrations in Office Buildings 

Concentration, 
Number of 

Type of' Interior 
pCi/liter air changes 

Code building walls Location RaA RaB RaG: per hour 

HSPH Offices and Cinder block Basement 
laborat<;>ries 1st floor ""0.02 0.02 0.02 6 

State Offices Sheetrock 5th floor 0.08 0.08 0.08 6 
officcs 12th floor 0.10 0.11 0.13 7 

Basemcnt 0.05 0.04 0.05 

Holyokc Offices . Sheetrock 2nd 11001' 0.05 0.04 0.04 7 
Center' . 

JFK Offices Sheetrock 5th 1l,)()1' 0.03 0.02 0.02 12 
201h nOD!' 0.05 0.04 0.01 5 
231'd noor 0.04 0.03 0.03 14 
B aSl'IllC n t 0.07 0.07 0.03 
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as that amount of radon daughters that would liberate 
1.3 X 105 MeV of alpha energy per liter. This corre
sponds to a concentration of 100 pCi/liter of each of 
the three nuclides 218pO, 214Pt, and 214Bi. The WLM 

is equivalent to exposure at this level for 173 hr. If 
these values are translated to the building situation and 

if exposure for 24 hr/ day, 365 days/year is assumed, 
then a concentration of 1 pCilliter would correspond 
to 

(7000) (365) (24) 
-"-----;-c-~,.....,.,:_:'_:::_i_-'- = 3500 mrads/year 

(173) (100) 

Quality factors of 10 to 20 have been recommended 
for alpha radiation, so that a concentration of 1 
pCi/liter corresponds to 35 or 70 rems/year. 

DISCUSSiON 

The data presented in this paper indicate that there 
can be substantial differences in the doses received 
from sources of natural origin, depending on the mode 
of life of the individual. For example, cosmic dose 
would be highest for those population groups living at 
high altitudes or latitudes, for those whose recreation 
involves skiing or mountain climbing, and for those 
whose work or pleasure includes considerable air travel. 
The greatest dose from terrestrial sources would be 
received by those population groups living on land 
containing high concentrations of naturally occurring 
radionuclides and those living in certain brick, stone, or 
concrete buildings. Those living in poorly ventilated 
homes, especially in basement apartments, or working 
in poorly ventilated buildings would receive the 
greatest dose to the lungs. . . 

The increased doses received by some people under 
the above-mentioned conditions are not trivial. Based 
on data collected in the greater Boston area, the 
differences in dose rates for persons living on the 
second floor are as much as 35 mrads/year. These dose 
(rad) values are the same a.s dose-equivalent (rem) 
values since the quality factor of this beta-gamma and 
cosmic radiation is 1. A difference of 35 mrems/year is 
more than half as much as the estlma ted genetic<llly 
significant population dose from J~ledjcaJ uses of 
radiation 2 and far higher than any projections of 
popub.'tion dose from nuclear power applications in the 
ncar .future. Of course, the population or genetic 
significance of dose differences from variolls kinds of 
buildings depends on the fraction of the population 
living in each type .. Relatively few people live in 
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basement apartments; a much greater percentage live in 
brick or masonry homes. 

More drama tic differences exist in the dose equiva
lents to lung, specifically to basal cells in small bronchi. 
Radon daughters are the major contributors to the 
dose equivalent. The concentrations of these daughters 
in basements with one air change per hour were from 4 
to 15 times higher than those on the first floors of the 
same houses, with two to three air .changes per hour. 
The average level of 218pO in five basements was about 
0.4 pei/liter. Using the previously calculated relation 
between dose and radon-daughter concentration, this 
average level would correspond to a dose rate of 1400 
mrads/year. Reduction of radon-daughter concentra
tions by a factor of 10, which is approximately the 
average ratio between basements and first floors, would 
amount to a dose reduction of 1250 mrads/year. 
Application of the recommended quality factor of 10 
to 20 for alpha radiation would convert this to 12.5 or 
25 rems/year to some basal cells in the bronchial 
epithelium. 

I mpiications 

Health physicists generally have paid little attention 
to the control of radiation exposure received by the 
population from natural sources. It appears probable, 
however, that significant reduction of- radiation dose 
may be achieved in the design of living and working 
environments. lhe relative constancy of dose levels on 
various floors of masonry office buildings, noted here 
and by Ohlsen, suggests that most of the gamina 
radiation originates in construction materials rather 
than in tlie ground. Provision of better ventilation and 
air-mtration systems, reduction of the number of 
basement dwelling units, and screening of construction 
materials to elirilinate those which emit excessive 
radiation would seem to be promising areas of investi
gati(m. Such reduction of population dose equivalent 
received from buildings may weJl be comparable with 
the projected increase from development of nuclear 
power. 

Although definitive data are lacking, it may well be 
tha t some people, because of the na t ure l)[ their 
environments, are experiencing unnecessarily increased 
exposure to radiation fro 111 sources of natural origin 
and that this increased expo"ure is gre:l!t'r than th.lt 
expected from many _ man-made sources. Cl)!lsidering 
this possibility, it viould seem wise that greater 
attention be given tu obtaining data on the population 
dose equivaient from natural sources and th~ influence 
of man's living habits on this close. 
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Prospectus 

Older construction, even in central cities, was 
largely wood. The data for Boston48 may be cited as 
an example. As of January 1968,68.5% (96,689) of all 
buildings in Boston were of wood construction. The 
remaining 31.5% (44,546) were made up of a variety of 
types, the older ones being predOluinantIy brick and 
the newer ones concrete or cinder block. 

In the newer construction, there is a shift. from 
predominantly single- to multiple-familY-dwelling con· 
struction. The Boston building-permit records for the 
period 1959 to 1968 indicate that tIle number of 
single·family dwellings decreased from 95% of the total 
number constructed to 33% and that multifamily 
(three or more) dwellings increased from 1 % of the 
number constructed to 58%. There was an increase in 
two.family dwelling construction from 2% in 1959 to a 
high of 26% in 1965, followed by a decline to 8% in 
1968. 

The large increase in the number of multifamily 
dwellings implies a large increase in the fraction of the 
Boston population living in masonry buildings since 
virtually all the new multifamily dwellings are of 
masonry construction. Although quantitative data are 
not available, observations indicate that more masonry 
apartment buildings are being built in the suburbs as 
well. It therefore appears that the urbanization and 
suburbanization of the population are accompanied by 
an increase in the fraction living in masonry construc
tion. 

To the extent that masonry construction is increas
ing, higher external exposure of occupants may be 
expected. To the extent that newer buildings include 
modern ventilation systems, lung exposure to radon 
daughters may be decreased. 
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