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ABSTRACT 

This paper reviews the literature on sources and measurement of 

natural airborne radionuclides and radiation in buildings. It also 

briefly reviews control measures and suggests areas for further 

research. The major emphasis is given to radon.222 and its daughters, 

since they typically cause the largest organ dose to the general popula-

tion, most of which arises froiD indoor exposures. The indoor radiation 

field from radionuclides fixed in building materials and soil is also 

given substantial treatment. 

Keywords: airborne radionuclides, control techniques, indoor radiation, 

radon, radon daughters, radon sources, radionuclide contents 

1. 1NTRODUCTION 

Radiation occurs naturally throughout the biosphere, both because of 

primordial radioactive elements and their decay products in. the earth 

and because of natural processes, primarily cosmic radiation, that pro:-

duce either radionu~lides or direct radiation fields. These natural 

sources expose humans to radiation both outdoors and in buildings. The 
.,f 

purpose of this paper is to review information on airborne radionuclides 
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and radiation in buildings, giving particular attention to r~don and its 

daughters, the concentrations of which are most strongly affe.cted by 

building design. 

In the discussion that follows, we shall refer to radionuclide con-

centrations and radiation fields and, by inference, to radiation doses 

from sources that are internal and external to the body. Radioactivity 

may be given. in curies; 1 curie= 3.7 x 1010 becquerel, so that 1 pCi = 

0.037. Bq. However, the concentration of radon daughters 1n air is often 

given as . "potential alpha energy concentration" (PAEC), as discussed· 

below. Radiation fields. can be specified 1n terms of particle/photon or 

energy flux, but .it 1s more conventional in the present context to use 

units ·of dose rate, in which case the type of radiation has to. be .indi-

cated. We shall use rad as the unit of (absorbed) dose when specifying 

gamma radiation·fields (1 rad=O.Ol J/kg, so that 1 mrad=l x 10-SJ/kg). 

For gamma doses, the dose in rad is numerically equal•to the dose 

equivalent, given in rem. Note that a distinction must be draw between 

the "tissue" dose, that actually received by tissue and which therefore 

includes self-shielding by the body,. and the "air" dose, that deposited 

in air in the space under consideration. 

The magnitude of var1ous contributions to radiation dose vary from 

place to place and from outdoors to indoors, and the nature of the radi-

ation dose depends on the radiation source. At one extreme, the cosmic 

radiation field delivers a dose to the entire body; but this dose is not 

affected greatly by the presence of a building and may be characterized 

primarily on the basis of altitude. At the other extreme, airborne 
'·· 

radionuclides may cause doses specifically to the lungs, and their con-
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centration indoors· may be strongly affected by the nature of building 

materials and other sources and by building · operational features that 

clear the indoor a1r. As an intermediate case, the gamma radiation 

field arising from radionuclides that are fixed 1n place typically 

exposes the whole body and 1s affected by radionuclide concentration, 

proximity, and shielding. 

As one element in specifyirtg the indoor radiation envirortment, it is 

useful to summa'rize, based on. previous rev1ews, the dose rate contribu

tion from natural radiation. TWo recent summaries are .·the United 

Nations "UNSCEAR" report (Un77) and- for the United States- a. report

of ·the National Council on Radiation Protection and Measurement-s (Na75); 

both ·depend ·heavily on· Oakley .. (Oa72) for U.S. data. Table 1, :based on. 

Un77, indicates. doses typic·al of· normal areas. External radiation, that• 

arising from - sources external to the body, falls into two categories.;,. 

cosmic and terrestrial. The average tissue dose rate outdoors-· from 

cosmic radiation is approximately 28 mrad/y; the dose rate indoors is -· 

slightly reduced by overhead shielding (Na75 as.sumes 10 percent .... reauc•.,... 

·tioil'of. average-exposures). This contribution has a significant alti"": 

tude dependence, increasing from about 26 mrad/y at sea level :to about 

SO mrad/y at 1600 m, the altitude of Denver. The average outdoor 

population-weighted tissue dose rate from .terrestrial radionuclides, 

principally due to gamma rays from 40K, the 232Th series, and the 238u 

series, is approximately 32 mrad/y. This dose rate varies substantially 

because of geographic variations in the distribution of these radionu-. 

elides. In estimating average terrestrial dose rates, Un77 used an 

indoor tissue dose rate approximately equal to the outdoor rate; in con

trast, Na75 assumed - for U.S. housing - that indoor dose rates were 20 
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percent less,than outdoor rates.·rnternal radionuclides contribute sig

nificant beta and gamma doses to much of the body (about 20 mrad/y, pn.~. 

ma:dly from 40K) and a significant alpha dose to. specific organs (even 

exclu'ding that to the lungs from radon and its daughters). The alpha 

dose arises primarily from internally deposited 238,234u, 226,228Ra, and 

210po and varies greatly with body·organ; One of the larger. contribu

tions,. about 3 mrad/y, is the 210po alpha dose to the cells lini.ng the 

bone surfaces. Alpha particles have a greater biological effectiveness 

than gamma rays,· so that the alphaabsorbed dose contributes a dose 

equivalent an order of magnitude greater than that of the same 

(absorbed) dose of gamma radiation. Table 1 shows, for various organs, 

estimated dose equivalent rates, in mrem/y, which are numerically equal 

to. tissue dose rates (in mrad/y) for gamma and beta radiation. For .cal

culating the ·dose equivalent from alpha radiation, a quality factor of 

20. was .. assumed (based on relative biological effectiveness),. 1n accor"7 

dance_ with recent recommendations (In77)." The value given for lung.dose 

from. inhaled radionuclides assumed a 222Rn concentration in air of 1 

pCi/1 (and half ari equilibrium amount of its daughters). The resulting 

dose equivalent (600 mrem/y) dominates the dose equivalent to the lung, 

which has the largest value in the table. Even within the lung, the 

dose from radon daughters varies substantially, with the largest energy 

deposition in tissues of the tracheobronchial tree. 

Although all indoor dose. rates from natural radi.at ion sources are 

affected by buildings, . those from inhaled radionuc lides are affected 

most strongly. The only natural airborne radionuclides of significance 

are radon and its daughters, principally the series beginning with 

222Rn, the alpha decay product of 226Ra (a member of the 238u series). 
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Radon is a noble gas that can move from the site of its formation,.giv

ing it significant opportunity.for reaching air· that is inhaled ·by 

humans. The short-lived decay products of radon, 1.e., polonium, lead, 

and 'bismuth, are chemically active and thus can .be collected in the 

lungs, either directly or via particles to which they attach. The most 

significant dose,arises from alpha decay of the poionium isotopes. The 

decay sequence beginning with 226Ra is shown in Figure 1, and, from the 

biomedical point of view, effectively ends with. 210Pb, because of its 

half-life of 22 years.· Because the alpha energy associated with·deca.ys· 

of the short-lived daughters to ~lOpb poses the main risk, daughtercon

centrations are often expressed as the associated "potential alpha 

energy concentration" (PAEC) of the short-lived daughters in au. The 

unit conventionally used for PAEC is the working level (WL), defined as 

1. 3 x 10S MeV /1, the PAEC. if approximately 100 .pCi/1 of 222Rn were 

present with equilibrium amounts of its daughters. Dose (and dose. 

equivalent) rates may be estimated from the.PAEC on the basis of rela:c 

tively ;complicated modeling, provided that the daughter particle size 

di~ttibution and other-factors are prescribed~ 

The character of a building may affect occupant radiation exposure 

in three principal ways: (1) the building serves as a container for 

indoor-generated radon and its associated daughters, whether from build

ing materials, underlying soil, or water and gas; (2) building materials 

may contain natural gamma emitters (40K, 232Th series, 238u series); ·and 

(3) the building shields occupants from external cosmic or terrestrial 

radiation. .The last two effects tend· to cancel one another. The build-. 

ing structure. may, in unusual ·circumstances, also· protect occupants from 

outdoor radon da'ughter concentrations. However, the indoor 
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concentration is ordinarily larger than the outdoor value' and o.utdoor.,.. 

generated radon usually contributes a small additive term to indoor con-

centrations. Ignoring this term, the steady-state indoor radon concen-

tration for a fixed indoor radon source strength is inversely propor-

tiona! to the a1r exchange rate, the rate at which the indoor air is 

exchariged for outdoor a1r. Air ~xchange rates for most U.S. buildings 

are on the order of 1/h, with 0.5 to 1.5/h typical for residences (win-

dows closed), but lower rates are desirable for reducing energy use and 
/ 

are in fact typical in many other countries. The air exchange rate and 

other removal mechanisms also affect the ratios of the radon daughter 

concentrations to the radon concentration. Activity ratios of one could 

only_occur if no removal mechanisms were active and, as expected, sub-

stantially lower values have been observed. An equilibrium factor (F) 

is often defined as the ratio of the actual PAEC to the PAEC that would 

be associated with the actual radon concentration if the daughters were 

in equilibrium with this radon. 

Possible sources of radon in buildings include_ building materials, 

the soil and rock underlying structures, and water or gas supplied to 

the buildings. In many cases, such as single-family residences 1n the 

United States, the underlying natural IDate~ials appear to.constitute the 

principal source of .radon. In larger structures, the building materials 

may contribute a greater share of the source ~strength, but the absolute 

contribution is usually small for most materials. However, certain 

materials have been found to constitute unusuB:lly large sources of radon 

and -evenof gamma .radiation, a notable example being the alum-shale con-

crete present in ten percent of Swedish houses. Largely because of such 

cases, at least one international entity has recently , reviewed the 
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contribution of building materials to radiation exposures (Nu79). 

This paper characterizes sources of indoor airborne radiqnuclides 

and radiation, summarizes measurements of actual concentrations or radi-

ation fields, briefly indicates control measures, and stiggests areas for 

further research. The major emphasis is g1ven to radon and its 
,; -

daughters, since they typically cause the single largest organ dose, 

which arises primarily from indoor exposures. However, the indoor radi-

ation field from radionuclides fixed in building materials and soil 1S 

also given substantial treatment. This radiation arises principally-

from several primordial radionuclides with concentrations on. the order 

of 0.1 pCi/g or greater in rocks, soil, and derivat.ive building ma:teri-

als, i.e., 40K and members of the 232Th and 238u decay ser1es. These 

are also the decay chains in which 220Rn, 222Rn, and their daughters 

occur. 

2. SOURCES OF RADIONUCLIDES AND RADIATION 

a. B:uilding materials 

Radionuclide content 

Surveys of the radionuclide content of building materials in Europe 

are summarized in Un77 (p. 50, Table 8), which gives activity concentra-

-
tions of 40K, 226Ra, and 232Th. Average values for the concrete sample ' 

groups· examined range from 0.9 to 2.0 pCi/g for 226Ra, ·0.8 to 2.3 pCi/g 

for 232Th, and 9 to 19 pCi/g for 40K. By comparison, the ranges- for 

brick are about 5.0 percent higher; those for cement are similar ex~ept 

for 4°K (wh.ich is 50 percent less); and those for natural plaster are 

lower by about a factor of five. Recent' measurements (e;g., St80b) give. 
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similar results. Concentrations for building materials not derived from 

crustal components; e.g. wood, are much ·lower. 

Recent U.S. data (Table 2) show concentrations in the same range, 

assuming that the series radionuclides are sufficiently close to equili-.. 
brium to permit comparison. Radium 226, in particular, is part of the 

238u series. In a number of cases, U.S. workers have examined the 

radicmuclide contents of concrete' in the course of selecting materials 

' for low-background radiation-counting facilities (1179); the values 

obtained are consistent with the European data, although somewhat lower. 

The observed concentrations are also within the range of values typical 

for major rock types and soils (see below). Measurement programs have 

recently been initiated to characterize the radionuclide contents of 

U.S. building materials as a basis for understanding the resulting 

effect on the indoor radiation environment. Kahn et al (Ei78, Ka79) 

have reported measurements of concentrations in various building materi-

als in the Atlanta area. Ingersoll (In81) surveyed concretes and other 

materials as part of a program on indoor air quality; radionuclide con-

tents for concrete and rock bed samples from a number of areas are given 

in Table·2. 

Certain natural materials· have higher radionuclide concentration 

than noted for ordinary concretes. Granite often exceeds the ranges 

given in Table 2. Shales in the southeastern United States are known to 

exceed average crustal 23~u concentrations by an order of magnitude. "A 

substantial fraction of Swedish houses built during the period 1930-1975 

used aerated concrete incoporating alum shale and having 226Ra concen~ 

trations iri the vicinity of 40 pCi/g (Sw78). 
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Considerably greater radionuclide' concentrations than given' in Table 

2 may also be found in building materials using residues .from.industrial 

processes. Nu79 rev1ews use of such materials, examples being the 

Federal Republic of Germany's use of "red mud" (from bauxite processing) 

for bricks and of blast-furnace slag for blocks. A possibility with 

wider implications, as noted in Nu79, is use of wast.es from processing 

sedimentary phosphate ore, which contain substantial concentrations of 

the 238u series. Phosphogypsum, essentially calcium sulfate produced by 

treatment of phosphate ores with sulfuric acid, may be used for building 

materials, particularly wallboard. In. this treatment 226Ra follows the 

calcium, leading to tens of pCi/g in the gypsum. Although the United 

States is the largest producer of phosphate rock, use of phosphogypsum 

is most attractive for other countries having little natural gypsum 

(Nu79). The principal example of byproduct use in the United States is 

concrete blocks incorporating phosphate slag (essentially calcium sili

cate), which contains most of the .226Ra and 238u contained in the phos

phate ore (Ro79). For the electric furnace process used 1n Florida, 

concentrations in·the ore are in the vicinity of 60 pCi/g, and the slag 

has similar concentrations. Until 1978, a plant in Alabama (using 

Florida and Tennessee phosphate ores) sold slag to companies in Alabama, 

Mississippi, Tennessee, Georgia, and Kentucky. The concrete produced by 

these companies has 226Ra concentrations estimated (and, in some cases, 

measured) to be about 20 pCi/g and may have been used 1n approximately 

100", 000 homes (Ka79). As a final example of potential importance for 

the United States, some fly ash from coal-fired power plants has been 

used in cement production, and this use may continue. Heretofore it has 

not been thought to contribute signific~ntly to the radionuclide content 
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of the resulting building material (Ka79). Emanation measurements on 

fly-ash concretes are now being performed (Sm81). 

Radon emanation 

· The -effective 222Rn generation rate in bu~lding materials depends on 

the 226Ra content, which varies widely as discussed above, and on the 

percentage of radon formed that does npt remain lodged in the matrix of 

the material. Radon that 1s not fixed in place may move through the 

matrix by diffusion or, if large air spaces exist in the material, by 

convection. Diffusive movement depends on the diffusion length of the 

material in question and on the material's thickness. (Diffusion of 

radon in concrete has been measured by Kr71, Cu76a, Jo78, St80b, and 

Za81.) The extent to which other transport processes occur depends not 

ortly on the material's characteristics, but also on environmental condi-

tions, 1.e., pressure, temperature, and moisture content. A rule of 

thumb sometimes cited (e.g., Un77, p. 75) is that one percent of the 

222Rn generated_from materials in walls and ceilings escapes into the 

adjacent airspace. However, recent measurements have indicated that a 

considerably higher fraction can escape: Strariden (St80b) observed 

escape-to-product ratios up to 20 percent for concrete; Ingersoll (In81) 

cites escape-to-production ratios of 8-25 percent for the concrete sam

ple groups indicated in Table 2. 

Of most direct interest for indoor air quality is the actual emana

tion rate, often given as pCi m-2s-l and sometimes as pCi g-ls-1. Meas

urements for various materials give emanation rates over ·a wide range. 

For example, European gypsum board and bricks yield, respectively, about 

0. 3 x Io-4 and 1 x Io-4 pCi m-2s-l of 222Rn, while rates for European 
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concretes range from 0.001 to 0.2 pCi m-2s-l (Jo78). Measurement of 

222Rn emanation rate per unit mass for sample groups of concrete from 

U.S. metropolitan.areas (Table 2) give averages that range from 0.4 to 

1.2 pCi kg-lh-1; 0.8 pCi kg-1h-l yields approximately 0.03 pCi m-2~-1 

for 0.1 m thick concrete. Several rock samples from solar storage beds 

averaged 0~5 pCi kg-lh-1, although (as indicated in Table 2) 226Ra con-

tents were considerably higher than those for the concrete samples 

(In81). 

The resulting indoor 222Rn concentrations depend on the .amount of 

such material in the structure, the interior volume, and the a1r 

exchange rate. For an air exchange rate of 1.0 h-1 and an indoor 

emanating surface to indoor volume ratio of 0.5 m2 per m3, an emanation 

rate of 0.03 pci'm-2s~l corresponds to an 222Rn concentration of about 

0. 04 pCi/1. Depending on the equilibrium factor, this would yield a 
:t.: 

PAEC of about 0.0002 WL. On the other hand, the much higher radionu-

elide contents of Swedish alum-shale concrete yields much higher air-

borne concentrations, as discussed below. Direct measurement of emana-

tion rates of materials made with industrial by-products (such as.phos-

phate sl~g concrete) is underway. Considering that these materials may 
. ' . . 

contain 100 times as much 22~a as the average for concrete, contribu~ 

tions of up to several pCi/1 of 222Rn and a corresponding increase 1n 

the PAEC could be expected if the same emanation ratio pertained, but 

preliminary results suggests a lower ratio (Sm81). 

In some cases, such as Swedish houses us1ng alum-shale concrete, 

building materials are known to contribute substantially to indoor radon 

concentrations. Such cases are to be expected considering the wide 
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range 'in radionuclide concentrations that occur in building materials. 

However, because emanation rate per unit of ·activity concentration 

varies by more than an order of magnitude (Un77), it is difficult to. use 

radiUm content to predict the contribution of a particular material to 

indoor radon levels. For this reason, more comprehensive· information on 

diffusible fraction, diffusion length, etc., and their dependence on 

material or environmental factors is required before we can characterize 

building materials on the basis of radionuclide content. Should this 

information become available, radionuclide contents may then be helpful 

in characterizing indoor levels on a broad scale, e.g.,. by geographic 

area. However, the fact that diffusion and emanation rates also depend 

on environmental factors, such as pressure and temperature, and on the 

moisture content of the material may limit the possibility for such. 

characterization. 

In some cases, 22<>R.n ("thoron") and its daughters, ordinarily 

present at much lower concentrations than 222Rn and its daughters, may 

assume importance, particularly when.mechahisms exist for traqsporting 

emanating 22<>R.n rapidly into the airspace of interest. In comparison 

with 222Rn, the much shorter .half-life of 22<>R.n, 55 s, causes the meas

ured activity concentration to be a parameter of secondary interest. 

However, the PAEC still gives a useful indication of possible dose· to 

the lung, assuming that a realistic model is used (see, ~or .example, 

Ja72b). One WL of 222Rn daughters. has the same PAEC as that associate~. 

with daughters in equilibrium with 7 pCi/1 of 22<>R.n •. To .the extent that 

238u and 232Th', which have similar half-lives, have. similar activities 

'in source materials (as is typical in Table 2), the PAEC from their pro

geny, the 22<>R.n and 222Rn da~ghters, can reach similar values if rapid 
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transport mechanisms exist. This may occur, for example, in .solar 

buildings that sweep air through rock or concrete thermal storage beds.· 

Techniques have recently been developed to measure 220an·emanation rates 

(Mc180). 

Gamma Radiation 

The energ1es and intensities of photons from· decay of natural 

radionuclides have. been' well characterized. The external dose from 

radionuclides in building materials arises-from the gamma rays emitted, 

and depends on the geometry of.the structure and attenuation by~the 

materials; as well as·on the gamma-ray energies. A s1mple expression 

wh_ere Cu, CTt), and CK are the concentrations (in pCi/g) of 238u and each 

of .. its daughters, 232Th and · each of its daughters, and 40K, respec- · 

tively, and Eu, ETh, and EK are the average gamma-ray energy · (in MeV) 

per disintegration of the indicated radionuclide (including disintegra- · 

t ion of the daughters, for the 238u and 232Th series). Using Eu = 1. 72 

MeV, ETh = 2.36 MeV, and EK = 0.156 MeV (Ka79), X00 = · 4.2 Cu + 5.7 CTh 

+ 0.38 CK in prad/h. The stated dose contributions from the uranium and 

thorium series are slightly less than those·cited elsewhere, e.g., by 

Krisiuk et al (Kr71), who may have used older information on decay 

schemes. For the radionuclide contents cited in Table 2i the three 

terms in the expression for X 
CD. 

contribute comparable amounts. (An 

analogous expression for the dose from a flat plain is cited in the 
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section on ·•oil.) 

For an actual structure, the geometry 1s complex and varied; in 

addition, the building materials may attenuate the external radiation 

dose from other sources. Moreover, 222Rn and its daughters m:ay be 

present 1n the material at less than equilibrium values, thereby 

decreasing the corresponding gamma dose. The 222Rn escape-to-production 

ratio is most often in the few to 25,percent range, caus1ng only a small 
. 

reduction in the value of X • The effects of geometry and attenuation 

cannot be so simply characterized. Dose rate expressions from various 

workers, pertaining to a variety of structures, have been summarized 

(Nu79). Some of these expressions account for reduction of the dose 

rate from outdoor sources. Moeller et al (Mo78) describe a computer 

program suitable for analysis of varied geometries. 

The infinite geometry case yields air dose rates in the vicinity of 

8 frad/h for a concentration of 8 ·pci/g and 238u;232Th- series 

radionuclide concentrations of 0.5 pCi/g. A thick slab of such material 

would contribute about half this·dose rate at its surface. As discussed 

earlier, a typical outdoor tissue dose rate from terrestrial radionu-

elides is 32 m:ra~/y or 4 prad/h. 

b. Soil 

Radionuclide content 

Radionuclide concentrations for major rock types and soil have been 

summarized. The UNSCEAR report (Un77) cites world-average soil values 

of 0.7, 0.7, and 10 pCi/g for 238u, 232Th, and 40K, respectively, with a 

typical range of roughly a factor of six in each case. These average 
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values are· similar to those based on 200 measurements of gamma .dose r~te , . 

cited by Lowder et al (Lo64). Values for crustal rocks (Na75, Un77) 

typically lie in the vicinity of these concentrations, but certain for-

·mations have considerably elevated values. For example, the phosphate 

rocks of Florida contain the 238u series at tens of pCi/g, but with nor-

mal amounts of 232th; commercial uranium ore bodies in the U.S. and 

elsewhere h~ve 238u concentrations of hundreds of pCi/g and higher;. 

shales in the Tennessee' area have 238u.concentrations of tens to hun-

dreds of pCi/g. 

Radon emanation and transport 

' 
The 238u series, typically present in soils and rocks at concentra-

tions of about 1 pCi/g, includes 226Ra, the source of 222Rn. The actual 

222Rn emanation rate from the ground depends, as for building materials, 

on the percentage of diffusible radon, diffusi9n length, and other tran-

sport mech~nisms (including groundwater). in the soil. A review of 

available-measurements of 222Rn indicates a mean emanation rate from the 

soil-of 0.42 pCi m-2s-l (Wi72). Given this value for the ground under a 

one-story house, .and assuming the radon emanated finds its way into the 

indoor air, the soil could account for indoor 222Rn levels of about 1 

pCi/1 at typical air exchange rates of 1 h-1. Because emanation rates 

range over at least an order of magnitude from place to place, this 

potential contribution can also be expected to vary substan~ially within 

buildings. Considering that building materials ordinarily do not con

tribute as much 222Rn~ multistory buildings can be expected to have 

lower concentrations than single-story buildings in most cases. 
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The soil as a source of 222Rn could be characterized directly by 

emanation measurements or, alternatively, if disequilibrium and tran

sport mechanisms (including groundwater) were known, indirectly by meas

urements of members of the 238u series. ·Because of the relative ease of 

measuring gamma rays, the indirect method may be more appropriate for 

large-scale · surveys intended to characterize the contribution of soil 

radon by geographic area. Gamma-ray source measurements may also be 

less sensitive to changes in·press~re, temperature, and moisture content 

than emanation-rate measurements (Un77; Na7'5). A further consideration 

is that variations in emanation rate may correlate with factors that 

affect air exchange rate·s and, as a result, may complicate· assessment of 

the importance of soil as a source of indoor radon. 

The mechanisms by which radon may be transport-ed into buildings have 

been given little study. Soil-gas measurements, which have yielded 

results £:rom· 100 to '2000 pCi/1 (Kr64; Sc78), may be relevant to this 

question since they may help in characterizing-the radon content of air 

trapped beneath building- foundations. Emanation rates per· se are useful 

only for placing an upper limit on the potential of soil as an indoor 

source •. However, a more detailed understanding of the way in which 

radon is transported in soil could provide a basis for using emanation 

data.to estimate the amount of radon that may accumulate beneath houses 

and be transported indoors. Such collection and transport mechanisms 

may be strongly affected by changes in.barometric pressure, soil mois

ture content, temperature gradients; and wind. 

The actual pathway by which radon enters a building 'from the soil 

appears to vary substantially with building design and construction 
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practice. In ho~ses with concrete basement~ that are closed to the out

doors, radon may enter by diffusion through the )asement floor, by con

vection within basement walls, and by movement through cracks and 

designed openings or penetrations in either:of these components. Even 

in communities where numerous meas).lrements have been performed,. it has 

not been possible to determine the relative importance of these mechan

isms. In some mining communities, sealing of cracks has proved rela

tively successful in reducing radon levels (At78, At79, At80), but the 

effectiveness of this method in general has not been evaluated. Even as 

basic a question as the effectiveness of. concrete itself as a barrier 

against radon entry has not been answered, although information on dif

fusion coefficients is improving (Kr71, Cu75, Jo78, St80b, Za81). 

The subsequent movement of radon from the point of entry to other 

parts of the building depends on internal construction and .building use. 

Even in buildings with ventilated crawlspaces, the radon concentration 

1n the crawlspace air may still be considerably higher than outdoors, 

and a significant amount of the radon emanating from .the soii may reach 

the interior space by·transport from the crawlspace. 

More comprehensive information on how radon is transported is needed 

in order to develop techniques for preventing radon from entering build~ 

ings. It is also needed so that a correlation· can be est~blished 

between the 226Ra content in soil and indoor 222Rn levels attributable 

to this source. 
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Gamma Radiation 

The gamma dose from radionuclides in soil may be expressed in a 

fashion analogous to that for building materials; the air dose rate 

<prad/h) at one meter above the ground due to natural emitters uniformly 

distributed in the soil (and with the 238u and 232Th series in equili-
. 

brium), has been given as Xplane = 1.82 c0 + 2.82'CTh + 0.179 CK for c0 , 

CK in pCi/g (Be72). More current data on decay schemes may alter 

this slightly. As noted above, concentrations of natural radionuclides 

in soil and rock vary from place to place, causing comparable variations 

in dose rates. As examples, the air dose rate is estimated at 2.6 

prad/h on the U.S. coastal plain {the Atlantic and Gulf coastal areas), 

10.2 prad/h on the Colorado Plateau, and 5.2 prad/h on the rest of the 

contiguous United States (Na75), based on nuclear plant site surveys. 

Un77 adopts a world land average of 4.6 prad/h. The materials in a 

building can provide significant shielding of occupants from gamma rays 

from local radionuclide concentrations, but the radionuclide content of 

the materials may more than compensate for this shielding (see below). 

c. Radon from utilities 

Water 

Measured concentrations of 222Rn in well water in Maine and New 

Hampshire average 53,000 pCi/1 and 101,000 pCi/1, respectively (Lu64). 

More recent measurements have been performed 1n Maine (He78; Ge80). 

Snihs (Sn73) reports concentrations up to 50,000 pCi/1 1n Swedish 

drilled wells. Deep wells in Finland are widespread enough and have 

sufficiently high radon concentrations (averaging 17,000 pCi/1, accord-
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ing to AsBO) to g1ve rise to a population of thousands receiving radon-

daughter exposures exceeding occupational limits (CaBO). Concentrations 

of 100~7500 pCi/1 have been found in tap water from wells or underground 

reservoirs associated with U.S. houses in which indoor concentrations 

were measured (HoBO). 222Rn in water can quickly transfer to air~ with 

efficiencies of 30-90 percent, depending on water use (Ges78, Pa79); a 

concentration of 10,000 pCi/1 can raise average indoor 222Rn levels by 

on the order of 1 pC'i/1. It is not known generally how widespread such 

high concentrations 1n water are, nor how closely they correlate with 

high radium content in surface soils and rocks. 

Natural _&!! 

. 
Concentrations of 222Rn 1n natural gas 1n the Houston area have been 

found to average approximately 50 pCi/1 at STP (Ge73). Concentrations 

in aistribution lines at various points in the United States were found 

to average about 20 pCi/1 (Jo73). The resulting levels in U.S. 

residences due to natural gas combustion has been estimated to be less 

than 0.1 pCi/1, even with unvented burners. 

3. INDOOR CONCENTRATIONS AND RADIATION FLUXES 

a. Airborne radionuclides 

Radon concentrations 

Data;from studies surveyed in the UNSCEAR report (Un77) indicate 

that indoor 222Rn concentrations vary by two orders,of magnitude,.with 

average values' in the vicinity of 1 pCi/1. Such a large range is not 

surprising considering that the studies included various types o£ build-
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ings, building materials, underlying materials, and ventilation condi-

tions and used many different measurement techniques. More recent meas-

urements, many of which were.reported in two recent conferences (Na78, 

Sp~O), have confirmed this wide variation (see below). 

Such a wide variation is expected, even for conventional housing, 

since the ventilation rate varies over a wide range. Moreover, depend-

1.ng on the location and nature of a building, the radon source strength 
'. 

can vary substantially. The soil underlying a single-family house can 

ordinarily be expected to be a principal contributor to its indoor radon 

concentration. As noted earlier, a typical soil emanation rate, if 

injected into the interior of a house with an air exchange rate of .lh-1, 

would contribute about 1 pCi/1 of 222Rn. Since soil emanation rates and 

effective capture by the house .vary by three• orders of magnitude (Ne81), 

~nd air exchange rates vary significantly, a large range in indoor con-

centrations would result. Similarly, construction materials and ·venti-

l~tion rates directly affect the radon concentrations of larger build-

ings. 

As indicated in Table 3, homes monitored in New York and New Jersey 

were found to have an annual average 222Rn concentration of 0.3-3.1 

pCi/1 1.n the living space, with a geometric mean of about 0.8 pCi/1 

(Geo78). Similar measurements in Austria yielded an arithmetic mean of 

0.& pCi/1 (St78) and, as is characteristic of results approaching· a 

log-normal distribution, a somewhat lower geometric mean. In these stu-

dies the mean indoor concentrations were three to four times as great as 

local outdoor concentrations. Mean indoor concentrations of radon in 

the Oslo area were found to be 1.3, 2.0, and 1.0 pCi/1 for buildings of 
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wood, concrete, and brick, respectively (St79). Grab sample measure

ments of homes in the San Francisco area made during the summer with 

windows closed and with an average air exchange rate of 0.4 h-1, gave 

concentrations averaging 0.3 pCi/1 (Bei9); considerably higher concen

trations were found in a rural part of Maryland (Mo81). Grab sample 

measurements in Illinois showed a substantial incidence of concentra

tions greater than 5 pCi/1; 6 of 22 houses had concentrations of 10 

pCi/1 or more (Ru79) .. Unpublished data (Pf81) indicate high average 

concentrations in a part of eastern Pennsylvania. A survey of 10,000 

Canadian homes, in which measurements were taken primarily in basements, 

gave geometric mean concentrations ranging from 0.14 to 0.88 pCi/1 for 

the 14 cities monitored (Mcg80). 

High 222Rn concentrations have been found in uran1um mining areas 

and in buildings that use materials high 1n radium content. In houses 

monitored in Bancroft, Ontario, 50 percent of the sample had concentra

tions greater than 3 pCi/1, over 25 percent had concentrations gre'ater 

than 7 pCi/1, and about 6 percent had concentrations greater than 15 

pCi/1 (Ma79). High levels have also been found in homes in mining areas 

in the United States; at Grand Junction, Colorado, PAECs corresponding 

to 222Rn concentrations up to hundreds of pCi/1 have been measured. In 

a survey of several Swedish houses built with alum-shale-based concrete, 

the average 222Rn ·concentration was 7 pCi/1 (Sw78); more recent data 

g1ve average concentrations of 15 pCi/1 or more for residences built 

entirely of such concrete (Sw80). 

Concentrations of 222Rn of 0.6-22 pCi/1 have been found ·during 

grab-sample measurements of energy-efficient homes in the United States, 
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many of which had low air exchange .rates; these measurements were . taken 

with windows closed, and the air exchange rates were measured simultane-

ously (HoBO). Concentrations and air exchange rates have also 'been 

measured in conventional houses in England (Cl78) and in houses at 

Elliot Lake, Ontario (Sm79); the measured 222Rn concentrations were con,..· 

sistent with those observed for conventional houses elsewhere (see 

above). From his data, Cliff (Cl78) inferred a large range in 222Rn 

source magnitude (a ~edian of 0.32 pCi 1-1h-1, with a geometric standard 

deviation of 3.1), consistent with comparable extraction of source mag-

nitudes from U.S. data (Ne81). Winter measurements in New York yielded 

average 222Rn concentrations of 1.0 pCi/1 for conventional houses and 

6.4 pCi/1 for "energy-efficient" houses (Fl81); ventilation rates were 

not measured, and most of the "energy-efficient" average 1S COntributed 

by a single solar home that, apparently because of a particular heat 

storage meditim, had a large source magnitude. 

The range in observed indoor concentrations ar1ses, not only from 

differences from one house to another, but also from temporal variations 
.·t' 

in source magnitude or ventilation rate in individual houses. Spitz et 

al . (Sp78) have examined the temporal variation of indoor 222Rn concen-

trations in houses in Colorado and New Jersey and the influence of ven-

tilation conditions. Steinhausler (St75) has examined the correlation 

between meteorological variables and indoor concentrations.· In a review 

of outdoor and indoor 222Rn concentrations, Gesall examines V!:lriation 

with time and place (Ge81). 

'' 
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Radon daughter concentrations and behavior 

Radon daughter concentrations are often measured as potential 

alpha-energy concentrations (PAEC), g1ven in working level (WL). 

UNSCEAR (Un77) reviewed pre-1977 measurements, and numerous more recent 

papers appear· in Na78 and Sp80. For the New York and New Jersey houses, 

referred to above, the annual-average PAEC for 222Rn daughters had a 

geometric mean of abou~ 0.004 WL in the living space, with a range of 

-
values from one house to another of 0.002-0.013 WL; equilibrium factors 

averaged slightly above 0.6 in the living space (Geo78). Stranden et al 

(St79) found mean equilibrium factors of 0.5 in dwellings in the Oslo 

area. Equilibrium factors of about 0.4 have been found in Sweden 

(Sw78). Based on earlier work, Un77 adopted a typical value of 0.5 for 

its estimates of exposures. 

Measurements in Florida houses built on reclaimed phosphate land 

yielded average 222Rn daughter concentrations in the vicinity of 0.01 

WL, but the range extended above 0.05 WL (Gu78). Houses in Grand June-

tion (Colorado) in which remedial action has been recommended had PAECs 

ranging from 0.02 to 1 WL. Sets of control houses monitored in Florida 

and Colorado had an average PAEC similar to that in New York and New 

Jersey (see table 3). Measurements have also been performed in homes 1n 

the vicinity of uranium mining operations (e.g., At78, At79, At80). 

In some cases, concentrations of individual 222Rn daughters have. 

been measured. Based on work cited· in Un77, typical activity ratios for 

222Rn/218pof214pbj214Bi in residences are 1.0/1.0/0.6/0.4, but with sig-

nificant variability among surveys. A survey of hundreds of residences 

in Hungary gave higher daughter ratios (averaging 1.0/0.9/0.8) and mean 
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222Rn conb:mtrations rangirtg from 0. 7 to. 5.8 pCi/1 for vadous housing 

types .(To72). More recent measurements of individual daughter concen-· 

· trations; typically yielding lower ratios, have often been made. in order 

to correl•te concentr~tions with po,sible removal processes; see disc~s-
' I 

sion of potential control techniques below. 

Some work has been done on characterizing the distribution of parti

cle sues of indoor 222Rn daughters-as well as the dependencies of con-

centrations and distributions on various parameters, including location, 

particulate mass concentration, air exchange rate, and air-mixing rate. 

The fraction of 222Rn daughters that is not attached' to particles, as 

well as the size distribution of attached daughters, was measured in a 

laboratory building and in four homes (Ge72, Geo78). Such measurements 

have also been performed in uranium m1.nes. The diffusion coefficients 

of radon daughters have been subjects of intensive experimental study 

(recent examples being Ra79, Po79, and Bu81). 

The simplest models of indoor radon and radon daughter concentra-

tions utilize mass-balance equations connecting the indoor radon source 

strength, outdoor concentrations, and the a1.r exchange rate, assumed to 

be the only removal mechanism other than radioactive decay. (See, for 

example, Ku79.) Models may also simulate diffusion of radon into the 

house (Mo78), but transport has not been modeled in any comprehensive 

way. Models h~ve also been made of radon daughter diffusion and attach-

ment processes (Ra69; Wr69) and of the effect of such processes on 

daughter concentrations and unattached fractions (Ja72, Po78, Ho79). 

However norealistic models of radon and daughter behavior in buildings, 

by which actual concentrations (or the effect of control measures) might 
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be simulated, has ·been attempted. More experimental.inforination w~ll 

~vidently be required to validate such models. On the other hand, 

attempts have been made to simulate, on a practical basis, average radon 

concentrations (St80b) or radon daughter exposures (Sw78, Mc81). 

In some cases, daughters of radon 220 may be present 1n concentra-

tions that are comparable to 222Rn daughters, at least as measured 1n 

terms of potential alpha energy concentration. Stranden (St80a) found a 

mean 220an daughter PAEC of 0.0025 WL in 22 dwellings in Norway, half 

the PAEC observed for 222Rn daughters. In-a few.measurements of 220Rn 

daughters .in solar homes in New Mexico, PAECs were found to be approx1-, 

mately 0.005 WL (InBO)~ 

b. Gamma radiation fluxes and shielding effects from building 

materials 

As discussed above, gamma-ray doses may arise from terrestt:ial 

radionuclides both in building materials and in nearby soil and rock, 

and the radionuclide conte.nt of these two sources may vary signifi-

cantly. Moreover, the structural materials serve to shield occupants 

both from gamma rays from soil and rock, and, to a lesser degree, from 

cosmic rays. As a re~ul~, the building may affect external dose rates 

of occupants in various ways and degrees. Given information on a par

ticular building, the net effect may be calculated 1n a way similar to 

the work of Moeller et al (Mo78), based on the gamma dose rate expres

sions given above and on estimations of shielding effects. 

In ·some cases, the structure may have little .effect on terrestrial 

or cosmic dose rates. Exclusive use of materials that do .not contain 
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significant radioactivity, such as wood, has the effect of shielding the 

terrestrial gamma flux (about 32 mrem/y tissue dose) by about 20 or 30 

percent and has little effect on the cosmic ray dose (about 28 mrem/y). 

A concrete foundation (slab· floor or basement) has no effect on the 

cosmic ray dose and, if its radionuclide content is similar to that of 

surrounding soil or rock, little effect on the terrestrial dose. That 

is, although concrete substantially attenuates gammas from the soil or 

rock, it contributes a_gamtna flux that compensates for this reduction. 

On the other hand, if a building also uses concrete in the walls and 

ceilings, and has a radionuclide content similar to that of local soil 

and rock, an approximate doubling of gamma dose rates from terrestrial· 

radionuclides occurs. As some compensation, concrete walls and ceilings 

tend to shield occupants from cosmic rays, in many cases by only about 

20 percent, but by larger factors for large buildings. 

Ordinarily, then, building materials having crustal components with 

tadionuclide contents similar to that of local soil and rock may 

increase external dose rates for occupants by up to tens of mrem/y or 

may decrease rates by a somewhat smaller amount. Table 1 presumed a 

higher air dose rate indoors than outdoors, corresponding to the case 

where the gamma dose from the building materials exceeded thereduction 

in dose due to shielding of gamma rays from surrounding soil and rock. 

This contrasts with the U.S. situation, where the net effect of building 

materials is thought to be a slight reduction in the ·total dose rate: 

For building materials and surrounding soil or rock that contain higher 

radionuclide contents, the dose rate' differences between outdoors and 
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indoors would be correspondingly larger. 

4. CONTROL TECHNIQUES 

From the few available indoor measurements of 222Rn daughters, it 

appears that variations of 0.01 WL from one building to another, depend

ing on air exchange rates and on b~ilding or ground materials, are not 

unusual. The full range of values for conventional houses has a consid

erably larger variation than this, largely .because of differences in 

source strength, and measures that reduce the air exchange rate substan

tially can be expected to change concentrations by corresponding 

amounts. A daughter concentration of 0.01 WL, if experienced two-thirds 

of the time, corresponds to an exposure of about 0.3 WLM per year, about 

a factor of 10 less than the occupational limit of 4 WLM/y. (Exposure 

of an individual to 1 WL for 170 hqurs, a working month, yields one 

"working level month" or WLM.) On the other hand, variations in external 

dose ~ate due to ordinary building materials are on the order of 10 

mrem/yr, less than one-hundredth of the loihole-body occupational dose 

liii!it of 5 rem/y. If these occupational limits correspond. to similarly_ 

valued risks, it. appears·. that the effect of the structure on radon 

daughter exposures (given in WLM/y) is far more significant than the. 

effect on. external whole-body dose rates (given in rem/y), except in 

cases involving materials with unusually high r.adionuclide concentra-

tions. For this reason, the discussion.that follows emphasizes methods 

for controlling radon daughter exposures. One of these methods, materi

als substitution, may also be used for control of gamma dose rates, par

ticularl,y in cases wl;lere materials have unusually high .radionuclide con-. 

tents. An additional technique for control of gamma doses is installa-
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tion of shielding materials that do not themselves contribute substan

tial radiation doses. 

Techniques for control of indoor levels of 222Rn or its daughters 

include measures that decrease 222Rn sources, reduce transport from 

sources, remove 222Rn or its daughters from indoor a1r, or exchange 

indoor air for outdoor a1r. The easiest technique to implement in many 

cases is to increase the air exchange rate, for example by opening w1n

dows or installing fans. For reasons of comfort or energy efficiency, 

other methods, sometimes equally straightforward, may often be prefer-

able. In general, not enough is now known about the cost, effective-

ness, and applicability of variousmeasures to determine their role in 

the general building stock. 

a. Material selection or site preparation 

Construction of a buildingwith materials having low 222Rn emanation 

rates can affect the source strength directly. In some cases, attention 

to materials processing may reduce emanation rates. However, in situa

tions where the surrounding soil and rock contribute most of the 222Rn, 

opportunities for controlling the source strength are limited, espe

cially since the diffusion length of 222Rn is relatively large and radon 

source strength is seldom a criterion for site selection. Attention to 

building materials or site materials (underlying and surrounding soil) 

in new construction has a significant effect in cases where. the emana

tion rate from either of these may be unusually high. Replacing such 

materials (on a remedial basis) is often difficult or expensive, 1n 

which case other measures may be favored. However, replacement has been 

a principal technique in communities associated with uranium mining or 
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processing (At78, At79, At80). 

b. Reducing transport 

The principal means of reducing the transport of radon to building 

interiors are to seal materials having significant emanation rates or, 

for the case of transport from surrounding soil, to plug cracks or holes 

through which air with a high 222Rn content (i.e., soil gas) moves. 

Materials may be sealed by epoxies or other coatings with up to 90 per-

cent effectiveness (Kr71; Cu73; Au74; Cu78). Sealing surfaces, filling 

holes with impervious materials, or stopping transport via installation 

of plastic or other barriers has proved effective in some cases that 

required remedial action (see, for example, At78, At79, At80), but they 

all require integrity of the barrier for long-term transport reduction. 

The general applicability or effectiveness of these measures as long-

term ,passive controls is not known. (It should be noted that confine-

ment of·radon by diffusion or convection barriers also permits buildup 

of radon and its daughters behind the barrier, causing an increase in 

gamma irradiation from building materials. Nevertheless, this 1.ncrease . . 

appears less significant than the associated decrease in airborne 222Rn 

and daughters [Cu76b]). Transport may also be reduced by ventilating 

crawlspaces or basements or by designing transport routes that by-pass 

slab floors or basements. This has been employed in the Canadian com-

munities with remedial action programs (At80). 

c. Removal of daughters from indoor air 

Methods for removing 222Rn daughters from indoor a1.r include: (1) 

filtration using fiber, electrostatic, or charcoal filters; (2) mixing 
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of indoor air to cause deposition within the structure or ventilation 

system; and (3) space charging to remove daughter ions. Filtration sys-

tems are effect~ve in reducing airborne particulate mass concentrations. 

However, depending on the system, they may thereby raise the concentra

tion of unattached daughter ions, especia,lly 218po (Gu79); for some par

t~cle size distributions, this wo~ld raise the ratio of lung dose to 

PAEC. Nazaroff et al- (Na81) observed a substantial decrease of PAEC 

from operation of the furnace fan (which thereby activated the system's 

filter), but the unattached fraction was not measured. Guimond and 

Windham (Gu78), Holub et al (Ho79), and Jonassen (Jo80) have performed 

related experiments on air mixing, ventilation, and filtration. 

Finally, in• many measurement techniques, charged 222Rn daughters are 

collected by voltage differentials, but it does not appear that this 

principle ~an easily be appiied as a control measu~e. 

d. Exchange of indoor and outdoor air 

Use of air-to-air heat exchangers to remove indoor air while recov

enng potentially lost energy is now being.investigated. Preliminary 

results (Na81) indicate that this method is effective, .in at least one 

configuration, in· reducing 222Rn and daughter concentrations. This 

method is particularly attractive because it can be applied in both new 

and existing ·buildings and because it is effective in reducing concen

trations of other indoor pollutants. 

5. RESEARCH NEEDS 

-Substantial research efforts- are needed in four interconnected 

areas:. ( 1) study of radon sources and transport processes; (2) measure-
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ment of the concentrations of radon and its daughters indoors and char.:.. 

act"erization of their behavior; (3) development and testing of control 

techniques; and (4) modeling of radon and its daughters 1.n structures. 

These efforts need to be supported by development of measurement instru

mentation and followed by an evaluation of control measures and building. 

energy conservation measures. In addition, evaluative efforts require 

further work on the health effects of radon, which have not been dis

cussed in this paper. 

Programs to characterize building materials by radon emanation rate 

or radionuclide content should be more wide-scale and complete. Even 

mor.e important, a program is needed to survey soil and grou!ldwater in 

respect to radionuclide content, radon emanation, and radon transport. 

A rapid effort should be undertaken to determine the feasibility of geo

logic or geographic characterization of soil. As part of efforts to 

characterize materials, due attention should be given to the effect of 

moisture, pressure, and temperature. Community water supplies should 

also be surveyed. 

··· Studies of indoor radon and daughter concentrations should be under

taken with two major purposes at this time: first, to learn the range 

and distribution of radon and/or its daughters in the building stock· 

and, second, to understand the behavior of radon and its daughters 1.n 

buildings. The first purpose requires surveys of a large number of· 

buildings, covering a variety of building types and geographic areas. 

These surveys may be implemented by associating them with other wide

scale efforts, such as those for energy-conservation retrofits or for 

insurance purposes. These surveys may measure either radon concentra-
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tions or PAEC, and the PAEC 1s the parameter of more-. direct health 

interest. However the radon concentration may be the preferable parame-

ter for measurement in surveys, sipce an improved understanding of 

daughter behavior could then be used to infer PAECs in a way that is 

generalizable. 

Such an interpretive basis must be developed through intensive meas-

u'rements characterizing, radon and daughter behavior indoors. Intensive 

work at only a few sites would serve as a basis not only for understand-

ing measurement techniques but also for developing control. techniques. 

In these studies, particular attention must be given to daughter parti-

cle interactions and removal processes. Results of these intensive 

investigations would be validated ~y less-detailed field measurements at 

a larger number of .sites. Ultimately, these results would also. serve as 

a partial b~sis for estimates of health effects. 

Many such measurement programs will have to be supported by instru-

mentation development. More convenient portable instruments for field 

source measurements based on alpha scintillation techniques or on Nai 

gamma detectors could be developed. Further .work on integrating devices 
... 

for large-scale surveys of indoor concentrations is warranted, as is 

·development of simple and qu1ck daughter monitors with high sensitivity. 
. .. 

For intensive investigation of daughter behavior at a few sites, more 

versatile special-purpose systems must be designed to automatically 

measure infiltration rate, radon, individual radon daughters, particle 

concentrat1ons, and environmental conditions. 

Substantial efforts to develop and study control techniques are 

required. The effects of techniques to clean the air (rather than 
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control the source) would have to be studied 1n the manner indicated 

above for detailed investigations of daughter behavior. 

These measurement programs must be accompanied by corresponding 

modeling efforts. Models characterizing sources (on a 

geologic/geographic basis) and transport (by sites and building type) 

are needed. Although models for physical processes involving radon 

daughters have begun to be developed; much more work 1s needed, espe'"' 

cially ·for understanding daughter-particle interactions and control· 

techniques. Models of indoor air quality that appropriately utilize the 

source and daughter models could then be developed. Finally, the models· 

of i·ndoor air quality could be combined with models of the building 

stock in order to represent current .radon and daughter concentrations 

and the effects of changes in building design and of potential control 

measures. Models of indoor ai~ quality and the building stock will be 

necessary for assessing exposure to any indoor air pollutant and for 

evaluation of potential strategies for controlling indoor air quality. 

6.·. CONCLUSIONS 

The major factors affecting sources and levels of airborne radionu

clides and radiation in buildings are known. However, for radon and its 

daughters, which are the major contributors to human radiation exposures 

indoors, concentrations vary greatly from one building to another and 

from one time to another. Although this variation 1s known to arise 

from differences in source magnitudes and in building type or operation, 

not enough 1s now known to characterize indoor concentrations generally, 

incl:uding the effect of specific radon sources or building features. 

Understanding present indoor concentrations, or the effect of. potential 
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changes in building design, requires substantial further exp~rimental 

and theoretical study of radon sorces, indoor concentrations and 

behavior, and control .. techniques. 

ACKNOWLEDGEMENTS 

This paper is based on a review prepared for the Committee on Indoor 

Pollutants of the U.S. National Academy of Sciences.· I wish to thank 

D.W. Moeller and W.W. ~azaroff for valuable comments on that review. 

This work was supported by the Assistant Secretary for Conservation and 

Renewable Energy, Office of Building Energy Research and Development, 

Building Systems Division, and by the Director, Office of Energy 

Research, Office of Health and Environmental Research, Human Health and 

Al'lsessments Division and Poliutant Characterization and Safety Research 

Division of the U.S. Department of Energy under Contract No. W-7405-

ENG-48. 

-35-



REFERENCES 

At78 Atomic Energy Control Board, Canada, 1978, Workshop on Radon and 
Radon Daughters in Urban Communities Associated with Uranium Min

. ing and Processing, Eliott Lake, Ontario, March 7-9, 1978. 

At79 Atomic Energy Control Board, Canada, 1979, Second Workshop on. 
Radon and Radon Daughters in Uraban Communities Associated with 
Uranium Mining and Processing, Bancroft, Ontario, March 12-14,. 
1979. 

At80 Atomic Energy Control Board, Canada, 1980, Third Workshop on Radon 
and Radon Daughters in Urban Co~munities Associated with Uranium 
Mining and Processing, Port Hope, Ontario, March 12-14, 1980. 

As80 Asikainen, M., and Kahlos, H., 1980, "Natural Radioactivity of 
Drinking Water in Finland," Health Phys .. ~' 77-83. 

Au74 Auxier, J.A., Shinpaugh, W.H., Kerr, G.D., and Christian, D.J., 
1974, "Preliminary Studies of the Effects of Sealants on Radon 
Emanation from Concrete," Health Phys. !:]_, 390-391. 

Ba75 Barnes, W.J., 1975, Colorado Department of Health, .personal com
munication cited in Geo78. 

Be72 Beck, H.L., DeCampo, J.A., and Goglak, C.V., 1972, In Situ 
and .Nai(TI) Gamma~Ray Spectrometry, U.S. DOE Health and 
Laboratory Report HASL-258 (available from NTIS). 

Ge(li) 
Safety. 

Be79 Berk, J.V., Boegel, M.L., Ingersoll, J.G., Nazaroff, W.W., Stitt, 
B.D., and Zapalac, G.H., 1979, "Radon Measurements and Emanation 
Studies," in Energy Efficient Buildings Program: chapter from the 
Energy and Environment Division Annual Report 1979, Lawrence 
Berkeley Laboratory Report LBL-10704, December. 

Bu81 Busigin, A., 
C.R., 1981, 
Health Phys. 

van de Vooren, 
"The Nature 

40, 333-343. 

A.W., Babcock, J.C.l and Phillips, 
of Unattached RaA(2 8po) Particles," 

CaBO Castren, 0., 1980, "Radon in Finnish Dwellings: Aspects of Epi
demiological Studies and Radiation Protection," in Sp80. 

Cl78 Cliff., K.D., 1978, "Assessment of Airborne Radon Daughter Concen...: 
trations in Dwellings in Great Britain," Phys. Med. Biol. Q,696-
711. 

Cu73 Culot, M.V.J., and Schiager, K.J., 1973, Rad6n Progeny Control 1n 
Buildings, Colorado State University Report C00-2273-1. 

Cu76a Culot, M.V.J., Olson, H.G., and Schiager, K.J., 1976, "Effective 
Diffusion Coefficient of Radon in Concrete: Theory and Method for 
Field Measurements," Health Phys. 30, 263-270. 

-36-



Cu76b Culot, M.V.J., Schiager, K.J., and Olson, H.G., 1976, "Prediction 
of Increased Gamma Fields After Application of a Radon Barrier on 
Concrete Surfaces," Health Phys. 30,471-478. 

Cu78 Culot, M.V.J., Schiager, K.J., and Olsen, H.G., 1978, "Development 
of a Radon Barrier," Health Phys. ~' 375-380. 

Ei78 Eichholz., G.G., Clarke, F.J., and Kahn, B., 1978, "Radiation Expo
sure from Building Materials," in Na78, pp. 1331-1346. 

En80 Environmental Protection Agency, United States, 1980, "Selected 
Radon and Radon Decay Product ·Levels in the U.S.," Table in 
Federal Register 45, p. 43510, June 27, 1980. 

Fl81 Fleischer, R.L., Mogro-Campero, A., and Turner, L.G., 1981, "Radon 
Levels in Homes in the Northeastern United States: Energy
Efficient Homes," (General Electric Company Report No. 80CRD288, 
December, 1980), presented at Natural Radiation Environment Second 
Special Symposium, Bombay, India, January 19-23. 

Ge72 George, A.C., 1972, "Indoor and Outdoor Measurements of Natural 
Radon and Radon Daughter Decay Products in New York City Air," in 
Symposium on Natural Radiation Environment II, U.S. Energy 
Research and Development Administration Report CONF26-720805-P2, 
pp. 741-750. 

Ge73 Gesell, T.F., 1973, "Some Radiological Aspects of Radon-222 in 
Liquefied Petroleum Gas,'! in Noble Gases, R.E. Stanley and A.A. 
Moghissi, eds., U.S. Energy Research and Development Administra
tion Report CONF-730915, pp. 612-629. 

Ge80 Gesell, T.F., Prichard, H.M., and Hess, C.T., 1980, "Epidemiologic 
Implications of Radon in Public Water Supplies," in Sp80. 

Ge81 Gesell, T.F., 1981, "Background Atmospheric Radon-222 Concentra
tions Outdoors .and Indoors: A Review,·~ University of Texas School 
of Public Health, Houston, to be published in Health Phys. 

Geo78 George, A.C., and Breslin, A.J., 1978, "The Distribution of 
Ambient Radon and Radon Daughters in Residential Buildings 1n the 
New York-New Jersey Area," in Na78·, pp. 1272-1292. 

Ges78 Gesell, T.F., and Prichard, H.M., 1978, "The Contribution of Radon 
in Tap Water to Indoor Radon Concentration," in Na78, pp. 1347-
1363. 

Gu78 Guimond, R.J., and Windham, S.T., 1978, "Radiological Evaluation 
of Structures on Phosphate-Related Land," in Na78, pp. 1457-1475. 

Gu79 Guimond; R.J., Ellett, W.H., Fitzgerald, J.E., Windham, S.T., and 
Cuny, P.A., 1979, Indoor Radiation Exposure Due to Radium-226 in 
Florida Phosphate Lands, U.S. Environmental Protection Agency 
Report EPA 520/4~78-013, (revised printing, July 1979), February 

-37-



He78 Hess, C.T., Casparius, R.E., Norton, S.A., and Brutsaert, W.F., 
1978, "The Investigation of Natural Levels .of Rn-222 in Groundwa
ter in Maine for Assessment of Related Health Effects," in Na78, 
pp. 529-546 . 

. HoBO Hollowell, C.D., Berk, J.V., Boegel, M.L., Hillis, P.A., Inger
soll, J.G., Krinkel, D.L., and Nazaroff, W.W., 1980, Radon in 
Energy Efficient Residences, Lawrence Berkeley Laborato~y Report 
LBL-9560. 

Ho79 Holub, R.F., Droullard, R.F., 
and Stukel, J.J.; 1979, "The 
Concentration by Plateout on 
~,497-504. 

Ho, W.L., Hopke, P.K., Parsley, R., 
Reduction of Aitborne Radon Daughter 
an Air-Mixing Fan," Health Phys. 

In80 Ingersoll, J.G., 1980, Lawrence Berkeley Laboratory, personal com
, munication. 

In81 Ingersoll, J .G., 1981, "A Survey of 
Radon Emanation Rates in Building 
States," Lawrence Berkeley Laboratory 
to Health Physics. 

Radionuclide Contents and 
Materials Used in the United 
Report LBL-11771, submitted 

In77 .International Commission on Radiological Protection, 1977, Recom
mendations of the International Commission on Radiological Protec
tion, Perga;Dn Press, New York. 

Ja72 Jacobi, W., 
and · Rn~222 
~,441-450. 

1972, "Activity and Potential Alpha-Energy of Rn-222 
Daughters in Different Air Atmospheres," Health Phys. 

Ja72b Jacobi, W., 1972, "Relations Between the Inhaled Potential a.
Energy of 222Rn- and 22~n-Daughters and the Absorbed c(-Energy 1n 
the Bronchial and Pulmonary Region," Health Phys. Q, 3-11. 

Jo73 Johnson, R.H., Bernhardt, D.E., Nelson, N.S., and Galley, H.W., 
1973, "Radiological Health Significance of Radon in Natural Gas," 
in Noble Gases, R.E. Stanley and A.A. Moghissi, eds., U.S. Energy 

·Research and Development Administration Report CONF-730915; pp. 
532-539. 

Jo78 Jonassen, N., and McLaughlin, J.P., 1978, "Exhalation of Radon-222 
from Building Materials and Walls" in Na78, pp. 1211-1224. 

Jo80 Jonassen, N., 1980, "Measurement of Radon and Radon Daughters," in 
Sp80. 

Ka79 Kahn, B., Eichholz, G.G., and Clarke, F.J., 1979, Assessment of 
~ Critical Populations ~ Risk Due ~Radiation Exposure in 
Structures, Report for Environmental .Protection Agency Contract 

.No. 68-01-4601, Georgia Institute of Technology, School of Nuclear 
Engineering, Atlanta. 

-38-



L• 

Kr64 Kraner, H.W., Schroeder, G.L., and Evans, R.D., 1964, ·"Measure
ments of the Effects of Atmospheric Variables on Radon-222 Flux 
and Soil-Gas Concentrations," in Natural Radiation Environment, 
J.A.S. Adams and W.M. Lowder, eds., University of Chicago Press, 
pp. 191-215. 

Kr71 Krisiuk, E.M., Tarasov, S.I., Shamov, V.P., Shalak, N.I., 
Lisachenko, E.P., and Gomelsky, L.G., 1971, ~Study~ Radioac
tivity in Building Materials, Leningrad Research Institute for 
Radiation Hygiene, Leningrad. 

Ku79 Kusuda, T.,. Silberstein, S. and McNall, P.E., Jr., 1980, "Modeling 
of Radon and Its Daughter Concentrations in Ventilated Spaces," J. 
Air Poll. Control Assoc. lQ_, 1201-1207. 

Le78 Lederer, C.M., and Shirley, V.S. (eds.), 1978, Table of Isotopes, 
7th ed., John Wiley, New York. 

Ll76 Lloyd, R.D., 1976, "Gamma Ray Emitters 1n Concrete," Health Phys. 
11..,71-73. 

Lo64 Lowder, W.M., Condon, W.J., and Beck, H.L., 1964, ·"Field Spec
trometric. Investigations of Environmental Radiation 1n the 
U.S.A.," in Natural Radiation Environment, J.A.S. Adams and W.M. 
Lowder, eds. University of Chicago Press. 

Lo80 Lowder, W.M., 1980, Environmental Measurements Laboratory, per
sonal communication. 

Lu64 Lucas, H.F., 1964, "A Fast and Accurate Survey Technique for Both 
Radon-222 and Radium-226," in The Natural Radiation Environment,' 
J.A.S. Adams and W.M. Lowder, ed-s:-; University of Chicago Press, 
pp. 315-329. ' 

Ma79 J.F. MacLaren, Ltd., 1979, Investigation and Implementation ~ 
Remedial Measures for the Reduction of Radioactivity Found in Ban
croft, Ontario and its Environs, unpublished. 

Mc81 

Mcg80 

McCullough, R.S., Letourneau, E.G., and Waight, P.J., 1981, "A 
Four Factor Model for Estimating Human Radiation Exposure to Radon 
Daughters in the Home," Health Phys., 40, 299-305. 

McGregor, R.G., Vasudev, P., Letourneau, E.G., McCullough, R.S., 
Prantl, F.A., and Taniguchi, H., 1980, "Background Concentrations 
of Radon and Radon Daughters in Canadian homes," Health Phys. ~' 
285-289. 

Mc180 McLaughlin, J.P., 1980, "A Passive Integrating Method of Measuring 
Relative Radon and Thoron Exhalation Rates," in Sp80. 

Mo78 Moeller, D.W., Underhill, D.W., and Gulezian, G.V., 1978, "Popula
tion Dose Equivalent from Naturally Occurring Radionuclides in 
Building Materials," in Na78, pp. 1424-1443. 

-39-



Na75 National Council on Radiation Protection and Measurements, 1975',, 
Natural Background Radiation ~ the United States, Washington, 
D.C. Report No. 45. 

Na78 NRE III, 1978, Natural Radiation Environment III (proceedings of 
conference held at Houston, Texas, April 23-2~1978), T.F. Gesell 
and W.M. Lowder, eds., 2 volumes, Technical Information 
Center/U.S. Department of Energy Report CONF-780422. 

Na81 Nazaroff, W.W., Boegel, M.L., Hollowell, C.D., and Roseme, G.D., 
1981, "The· Use of Mechanical Ventilation with Heat Recovery for 
Controlling Radon and Radon Daughter Concentrations 1n Houses," 
Atmospheric Environment 12, 263-270. 

Ne81 Nero, A.V., and Nazaroff, W.W., 1981, "Distribution of Radon Con
centrations and Source Magnitudes," Lawrence Berkeley Laboratory 
Report LBL-12565, presented at International Symposium ~ Indoor 
Air Pollution, Health and Energy Conservation, Amherst, Mass., 
Oct. 13-16. 

Nu79 Nuclear Energy Agency, 
Natural Radioactivity 
Economic Cooperation 
Paris. 

1979, Exposure to Radiation from the 
in Building Materials, Organization for 

and Development, Nuclear Energy Agency, 

Oa72 Oakley, D.T., 1972,' Natural Radiation Exposure in the United 
States, U.S. Environmental Protection Agency Report ORP/SID 72-1. 

Pa79 Partridge, J.E., Horton, T.R., and Sensintaffar, E.L., 1979, A 
Study E.!_ Radon-222 Released from Water during Typical Household 
Activities, U.S. Environmental Protection Agency .Technical Note 
ORP/EERF 79-1, March. 

Pf81 Pfeiffer, H., 1981, Pennsylvania Power and Light Co., personal 
comrnunic.at ion. 

Po78 Porstendorfer, J., Wicke, A., and Schraub, A. 1978, "The Influence 
of Exhalation, Ventilation, and Deposition Processes upon the Con
centrations of Radon (Rn-222), Thoren (Th-222), and Their Decay 
Products in Room Air," Health Phys. 34,465-473. 

Po79 :forstendorfer, J., and Mercer, T.T., 1979, "Influence of Electric 
Charge and Humidity upon the Diffusion Coefficient of Radon Decay 
Products," Health Phys. ll._, 191-199. 

Ra69 Raabe, O.G., 1969, "Concerning the Interactions that Occur Between 
Radon Decay Products and Aerosols," Health Phys. Q,l77-185. 

Ra79 Raghunath, B., and Kotrappa·, P., 1979, "Diffusion Coefficients of 
Decay Products of Radon and Thoron," .:!._. Aerosol Sci . .!.Q_,133-138. 

Ro79 Roessler, C.E., ·smith, Z.A., Bolch, W.E., and Prince, R.J., 
"Uranium and Radium-226 in Florida Phosphate Materials," 
Phys. ll._,269-277. 

-40-

1979, 
Health 

J, 

'I 



Ru79 Rundo, J.~ Markun, F., and Plondke, N.J,., 1979, "Observation of 
High Concentrations of Radon 1n Certain Houses," Health Phys. 
~. 729-739. 

Sc78 Scott, A.G., 1978, "The Source of Radon 1n Elliot Lake," paper 
presented at At78. 

Sm79 Smith, D., 1979, "Ventilation Rates and Their Influence on Equili
brium Fraction," paper presented at At79. 

Sm81 Smith, A., 1981, Lawrence Berkeley Laboratory, personal communica
t.ion. 

Sn73 Snihs, J.O., 1973, "The Significance of Radon and Its 
·Natural Radiation Sources in Sweden," in Noble Gases, 
and A.A. Moghissi, eds., U.S. Energy Research and 
Administration Report CONF-730915, pp. 115-130. 

Progeny as 
R.E. Stanley 

Development 

Sp78 Spitz, H. B., Wrenn, M.E., and Cohen, N., 1978, "Diurnal Variation 
of Radon Measured Indoors and outdoors in Grand Junction, 
Colorado, and Teaneck, New Jersey, and the Influence that Ventila

·tion Has on the Buildup of Radon Indoors,".in Na78, pp. 130~-1320. 

Sp80 Specialist Meeting on the Assessment of Radon and Radon Daughter 
Exposure and Related Biological Effects, 1980, Conference held in 
Rome, Italy, March 3-7, Proceedings to be published. 

St75 Steinhausler, F., "Long-Term Measurements of Rn 222, Rn 220, Pb 
214, and Pb 212 Concentrations 1n the Air of Private and Public 
Buildings and Their Dependence on Meteorological Parameters," 
Health Phys. 12.. 705-713. 

St78 Steinhausler, F., Hofmann, W., Pohl, E., and Pohl-Ruling, J., 
1978, "Local and Temporal Distribution Pattern of Radon and 
Daughters in an Urban Environment and Determination of Organ-Dose 
Frequency Distributions with Demoscopical Methods," in Na78, pp. 
1145-1162. 

St79 Stranden, E., Berteig, .L., and Ugletveit, F., 1979, "A Study on 
Radon in Dwellings," Health Phys. ~. 413-421. 

St80a Stranden, E., 1980, "Thoron and Radon Daughters 1n Different Atmo
spheres," Health Phys. 38, 777-785. 

~ St80b Stranden, E., and Berteig, L., 1980, "Radon in Dwellings and 
Influencing Factors," Health Phys. 2!• 275-284. 

Sw78 Swedjemark, G.A., 1978, "Radon in Dwellings in Sweden," 1n Na78, 
pp. 1237-1259. 

Sw80 Swedjemark, G.A., 1980, "Radioactivity in Houses Built of .Aerated 
Concrete Based on Alum Shale," in Sp80. 

-41.:.. 



To72 Toth, A., 1972, "Determining the Respiratory Dosage from RaA, RaB. 
and RaC Inhaled by the Population in Hungary," Health Phys. Q, 
281-289. 

Un77 United 
at ion 
United 

Nations Scientific Committee on the Effects of Atomic Radi
(UNSCEAR), 1977, Sources and Effects of Ionizing Radiation. 
Nations, New York. 

Wi72 Wilkening, M.H., Clements, W.E., and Stanley, D., 1972, "Radon-222 
Flux Measurements in Widely Separated Areas," in Natural Radiation 
Environment II, J.A.S. Adams et al., eds., U.S. Energy Research 
and Development Administration-Report CONF 26-720805, pp. 717-730. 

Wr69 Wrenn, M.E., Eisenbud, M., Costa-Ribeiro, C., Hazle, A.J., Siek, 
R.D., 1969, "Reduction of Radon Daughter Concentrations in Mines 
by Rapid Mixing Without Makeup Air," Health Phys. Q,405-414. 

Ye72 Yeates, D. B., Goldin, A.S., and Moeller, D.W., 1972, "Natural 
Radiation in the Urban Environment," Nuclear Safety _!l_, 275...,286 •. 

Za81 Zapalac, G.H., 1981, "A Time-Dependent Method for Characterizing 
theDiffusion of Radon-222 in Concrete," Lawrence Berkeley Labora

. tory Report LBL-11870, submitted to Health Physics. 

..;.42-

y 



... 

222Rn 

3.8 d 

01. (5. 49) 

218p0 

3.0 m 

238u 

4.5 x 109 yr 
RaA 

01. (6. . 01. (4. 
. ' 

1.5. 4.20) 00) 

234Th 
RaB 

214 Pb 

24 d 27m 

{3 (0.1 0, 0.20) JHO. 67. 0. 73, 1.03) 

234Pam 214 Bi 

1:2 m 
Rae 20m 

{3 (2. 3) {3 (1.0 2, 1.51 .. 3.26) 

' . 214 Po 

164J.L s 

234u 

2.4 x 105 yr 
Rae 

01. (4. 72, 4.78) 01. (7. 69) 

230Th 210pb 

8.0 x 104 yr 22 yr 

01. (4. 62, 4.69) {3 (0.0 2, 0.06) 

' 
226Ra 21o 8 i 

1.60 x 103 ·vr 5.0 d 

(4. 60, 4.78) {3 ( 1.1 6) 

' 
222Rn 210p0 

3:8 d 138 d 

. Q' (5. 30) 

206pb 

stable 

XBL 809-1965 . 

Figure 1. Uranium 238 decay sequence. The left portion shows the 
sequence from uranium 238 to radon 222, the right from radon 222 to 
lead 206; minor branches are not shown. Alpha decay is indicated 
by a, beta decay by f3; decay energies are given in l'ieV (from Le78). 
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Table 1: Estimated Annual Tissue Absorbed Dose from Natural Sources in 
"Normal" Areas (adapted from UNSCEAR (Un7?}) 

Source 
Tissue absorbed dose rate (mrad/y) 

Cosmic radiation 8 

External terrestrialb 
radiation 

Inhaled radon 222c 
and daughters. 

Other radionuclides 
in the body 

Total 

Fraction of absorb'ed 
dose delivered by 
alpha particles or 
neutrons (%) 

. d 
Dose Equivalent 

(mrem/Y) 

Gonads 

28 

32 

0.2 

18 

78 

1.2 

96 

Lung 

28 

32 

30 

23 

113 

31 

·Bone lining 
cells 

28 

32. 

0.3 

25 

85 

8.5 

220 

aOutdoor dose rate; no.structural shielding is presUmed, 

Red bone 
marrow 

28 

32 

0.3 

31 

92 

2.1 

130 

bTissue dose rate approximately same outdoors ana indoors; air dose is ta~en 
to be 18% higher indoors than outdoors, but different'convcrsions to tissue 
dose compensate. 

c -Baserl on a re~resentative indoor radon dau:;hte:r co~cc::tration o~ 0.0C5 ~~. 
in which ease the total dose equivalent to the lung is dominated by alpha 
radiation from the daughters. This dose varies substantially among differ-
ent types of tissue within the lung. . 

d . . 
Calculated assuming a quality factor of 20 (ln77) for the high-LET dose 
(predominantly from alpha particles) and rounded to two si.gnificant 
figures. 
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Table 2. Average radionuclide content of u.s. building materials a 

Reference Material 238u Seriesb 232Th Seriesb 40K Comments 
(pCi/g) (pCi/g) (pCi/g) 

Ll79 Concrete 0.29-1.32 0.28-1.58 6.6-9.8 Swmnariied measurements to select 
counting room materials 

Ei78, Ka79 Concrete 1.4 1.5 21 Atlanta area 
Brick 1.8 1.8 17 Atlanta area 
Tile 1.9 1.1 8 Atlanta area 

In81 Concrete 0.2-1.0 0.2-1.0 5-12 9 metropolitan areas 
Solar rock bed 1.5 1.4 25 New Mexico 

Un77 Concrete 0.9-2.0 0.8-2.3 9-19 . European 
. . c 

concretes 

.aEach entry is the average value for a sample group; a range is given for cases where several sample groups were 
examined. 

bBecause workers detected various members of the decay series, results in each colimm are directly comparable 
only if series equilibrium may be assumed. See indicated references for details. 

cThese values are taken, for comparison, from Un77, Table 8 (pg. 50), which gives a much more complete surirey of 
European building materials than is available for the·United States. 
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Table 3. Selected radon and radon daughter measurements in U.S. residences 
(residences are single family except where noted) 

•Number of Type of 
Location Reference 2221\11 (pCi/l)a Daughter PA£C (WL)a · Residences Measuruent 

ORDINARY AREAS: 

Tennessee 

Boston 

NY/NJ 

New York 

Illinois 

San Francisco 
area 

U.S./Canada 

Maryland 

SPECIAL AREAS: 

Lo80 

Ye72 

Fl81 

· Ru79 

Be79 

Ho80 

Mo81 

Grand Junction Ba75 
Colorado 

Florida Gu78 

Gu78 

Montana: Butte En80 

Anaconda En80 

o;oosco.ooos-o.oJ) 

0.07(0.005-0.2) (up to 0.002) 

0.09(0.01-0.2) (up to 0.002) 

o. 8b (0. 3-3.1) 0.004b(0.002-0.013) 

1.0(0.4-2.1) 
6.4(2.D-26) 

(0.3-33) 

(0.04-0.8) 

(0. 6-22) 

(0.1-27) (0.001-0.12) 

0.006b 

0.004(0.0007-0.014) 

0.014 (up to 0.10) 

0.02 

0.013 

15 Grab 

7 Grab and venti-
lation 

3 Grab and Venti-
lation 

21 Several integrated 
measurements over 
year 

11 Integrated winter c 

7 Integrated winter c 

22 Grab 

26 Grab and venti-
lation 

i7 Grab and ·venti-
lation 

53 Grab and .venti-' 
lation 

29 Integrated year 
round 

26 Integrated year_ 
round 

133 Integrated year 
round 

56 Integrated year 
round 

16 Integrated year 
round 

COJ!!!ents 

Shale area; mostly concrete 
construction 

Single family; air exchange 
rate: 1-6 h-1 

Multiple family; air exchange 
rate; 5-9 h-1 · 

17 single family; 3 multiple 
family; 1 apartment bldg. 

Conventional houses 
"Energy-Efficient" houses; 

ventilation rate not measured 

WOod-frame construction, unpaved 
crawl spaces ·(windOws ciosed) 

Air change rate: 0.02-1.2 h-1 
(windows closed) 

Energy-efficient houses; air change 
rate: 0,04-l,Oh-l(windows closed) 

Air change rate; 0,06-1,6. h-1 

Controls for remedial action program 
(which has included houses in range 
0,02-1 WL) 

Controls on unmineralized soils 

Houses on reclaimed phosphate 
lands 

Intensive mining area 

Intensive mining area 

aindividual values are averages·, values given in 
bGeometric mean. 

parentheses are ranges. All measurements are in living space; values in basements are typically higher. 

cLimited sampling indicates summer concentrations are approximately 20% of winter. 
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