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The results are described of recent observations at Argonne National Laboratory,

contributing to our knowledge of such factors as the origin of high levels of radon in

houses, its variability with time or otherwise, its uniformity throughout the house or

otherwise, and the behavior and fate of the short-lived daughter-products.

In a sample of 110 houses, mostly in the west suburban area of Chicago, 15% had

radon concentrations in excess of 6 pCi litre"1 and 6% greater than 10 pCi litre"1. If this

distribution is representative of all houses in the USA, the population being exposed to

such high concentrations of radon is far greater than the number of people in Grand

Junction being exposed to quite similar concentrations from technologically enhanced

radioactivity. There is a great need for far more extensive data on radon in houses.
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1. Introduction

The current worldwide interest in radon in residences stems from a

combination of several factors. There appeared to be a linear relationship

between incidence of lung cancer in uranium miners and exposure to radon

daughters. This was an important consideration in directing attention to the

exposure indoors of the entire population to radon at concentrations generally

thought to average about 1 pCi litre"1 (37 Bq m ~ 3 ) . The corresponding annual

dose of about 0.1 rad yr (derived from the basic assumptions of an

equilibrium factor, F, of 0.5, an 80Z house occupancy factor, and an

equivalence of 0.5 rad per Working Level Month) was combined with one of

several suggested risk factors derived primarily from the data on the uranium

miners, and with the size of the population, to yield estimates of lung cancer

incidence which ranged from substantial fractions of the total observed, down

to about 4000 per year for the United States. Added to this was the

realization that reductions in ventilation rates of houses for economy in

energy consumption would in all probability increase radon concentrations

indoors and consequently the exposure of the population.

In this paper we present the results of some recent observations at

Argonne National Laboratory, which contribute to a better understanding of the

sources of radon in houses and of the behavior of the short-lived decay

products which are responsible for the radiation dose to lung.
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2. Natural Levels

2.1 Radon

In a paper published in 1979, we stated, "There is a paucity of data on

the normal levels of radon in houses in this country."[1] Almost four years

later this still seems to be true. Thus, 19 papers on some aspect of radon

and/or its daughter-products appeared during 1982 in volumes 42 and 43 of the

journal Health Physics, yet only two dealt with levels in residences, and

neither referred to the United States. Indeed the 1982 UNSCEAR report

included data for the U.S.A. that had been published in the 1977 report. More

results (but not of extensive studies) have been published very recently 12],

and Gesell [3] and Hess [4] have reported on variably high concentrations of

radon originating from domestic uses of water in some houses in Texas and

Maine, respectively. There are also occasional "anecdotal" reports in the lay

press [5] and in advertisement literature [6] of isolated high levels, but the

fact remains that there are not nearly enough data for even an educated guess

at the average concentration of radon, and its distribution, in houses in the

United States.

Our own data have been expanded considerably since our first report for

22 houses with unpaved crawl spaces [1]. We now have measurements of radon in

samples of air from 129 conventional homes in 36 communities or towns, mostly

in the west suburban area of Chicago, and in 7 earth-shielded houses in six

towns. In 19 houses, only a single "grab" sample of air was taken from a

region (e.g. crawl space, or sump) that was not part of the living area, so

our database really consists of 110 houses. We find that 15% of these houses

have radon concentrations in excess of 6 pCi litre - 1 (222 Bq m~^), and 6%

greater than 10 pCi litre (370 Bq m ). It cannot be emphasized too

strongly that an unpaved crawl space is not a requirement for a high level.



In fact the highest concentration that we have observed, 54 pCi litre"

(2 kBq m ), was in air from the second floor of a house with a concrete

basement. It should also be emphasized that all 110 houses were of frame

construction, with a minimum of masonry.

An important consideration in the interpretation of the results of

measurements of radon in different parts of a house, and one that does not

seem to have been mentioned by others, is the type of heating system. In a

house with a forced air system there are numerous small leaks in the air ducts

and their effect is to mix the air in the basement or crawl space with that in

the rest of the house. The result is that radon concentrations are quite

similar wherever the air may be sampled. By contrast, in a house that is

heated by a radiative or convective system there is no mixing (except by

diffusion) of the colder air in the basement with the warmer (and therefore

lighter) air in the rest of the house. This can have a dramatic effect on

radon concentrations since we are quite certain that the source of radon at

concentrations greater than about 1 pCi litre , is soil gas under and around

the foundations. The results in Table 1 demonstrate this forcefully.

According to the results of the Housing Survey of 1976, 51.3% of the houses

TABLE 1. Radon concentrations (pCi litre"**) in two houses, showing
the effects of different heating systems.

First floor

Basement

Dry sump

House with
forced air heating system

30

30

30

House with
hot water radiators

1

15

650



in the U.S.A. have a forced air heating system [7], so uniform radon

concentrations might be expected in those houses, at least during the heating

season. The same situation would prevail in the summer months in the 21.3% of

all houses that have central air conditioning systems.

Further evidence that soil gas is a major source of radon in houses comes

from the results of a simple experiment in a house where the sump contained

water to a level above that of the drain tile. Air collected from just above

the water had a radon concentration of 1.8 pCi litre" (67 Bq m ). The sump

pump was then allowed to operate and when the water level had dropped to

expose the drain tile, another sample of air was taken from just above the

water surface. The radon concentration increased about seventyfold to 128 pCi

litre"1 (4.7 kBq m " 3 ) .

It has been known for many years that the radon concentration in outdoor

air frequently shows diurnal variations of up to an order of magnitude [8].

The variations seem to be related to changes in the rate of vertical mixing in

the lower atmosphere. The data in the upper plot in Figure 1 show that there

may be similar variations in a house, although their cause is much less

clear. These measurements were made in early autumn and the variations are

entirely similar in both timing and magnitude to those made in other houses in

summer months [9]. However the data plotted in Figure 2 show that the

variations may be absent during the winter. The reasons for this difference

are unknown.

We can sum up the situation for radon as follows: we understand where

radon in houses comes from, but not why its concentration varies so much, not

only among houses, but in a given house at certain times of the year. A

possible explanation for the former may lie in an as yet unidentified or

uninvestigated property of the soil below and around the foundations. It may



simply be related to the level of the water table. The different variability

in different seasons may be associated with the effects of temperature

differentials on the pumping cf air into and out of houses, but this is

speculative. Regardless of explanatory mechanisms, the fact remains that we

have data from too few houses, as stated at the beginning of this section. We

hope to start to remedy this in the immediate future.

2.2 Radon Daughters

The radiation dose to tissues, especially lung, of the human body is

91ft

almost entirely due to the short-lived daughter-products, Po (RaA),

21*Pb (RaB), 214Bi (RaC), and 2l4Po (RaC). They are therefore as important

as, if not more important than, the radon. In the past it has been commonly

assumed that the 3.1-minute 2*®Po is in radioactive equilibrium with its

parent radon and the conventional wisdom has been that the value of F, the

equilibrium factor, averages 0.5. Our experience has been that neither of

these two entirely reasonable situations is necessarily correct. Indeed our

(admittedly limited) determinations of F have usually given values that were

substantially lower than 0.5, when the houses were tightly closed for heating

or air conditioning. Simultaneous measurements have been made on several

occasions for periods of up to 5 or 6 days of the concentrations of radon

(averaged over counting intervals of 1 hour) with a Spitz-Wrenn detector [10]

and of the short-lived radon daughters (based on a 3-minute observation every

hour) with an environmental working level monitor 111]. The latter instrument

records the concentrations of the daughter-products in the form of both

*The equilibrium factoi may be defined as the ratio of the potential alpha-
particle energy of the actual mixture of daughter products to the maximum
possible potential alpha-particle energy for the actual radon concentration.



pCi litre"* for the individual nuclides, and Working Level+ for all the

daughters.

Figures 1 and 2, to which reference has already been made, show the

results of two of these setB of measurements. The lower plot in Figure 1

shows additionally the values of F derived from the values for radon and

daughter-products in the upper plot. For this series of 81 hourly

observations the mean value of F was 0.22 ± 0.01, with a range of 0.11 -

0.44. In Figure 2, the values of F are not shown but from the manner in which

the data are plotted it can be readily seen that even lower values of F

prevailed than for the data in Figure 1. In fact the mean for the 93

observations during a 4-day period was 0.085 ± 0.003 with a range of 0..04 -

0.23. Thus the highest value observed in this series in late winter was

almost the same as the mean value in the series shown in Figure 1, referring

to early autumn and to another house. On the other hand, we observed a value

of 0.50 ± 0.09, with a range of 0.19 - 0.83 for 6 observations in the latter

house made during four days in July when the house was well ventilated with

outside air. This mean value is in agreement with the value of about 0.5

reported by some [12] and commonly assumed by others [13]. Except in this

latter series, we have usually observed a concentration of ^xoPo (half-life

3.1 minutes) that was much lower than that of its parent radon. For example

on one occasion a radon concentration of 12.4 pCi litre" in a kitchen was

accompanied by a concentration of 21°Po of 4.1 pCi litre"1. We also noted

+The Working Level is a unit for expressing the concentration of non-
equilibrium mixtures of short-lived radon daughter-proucts in a
dosimetrically useful manner. It is defined as a concentration of the
daughters with a potential alpha-particle energy of 1.3 x 10 MeV litre"
(2.08 x 10"^ J m ); this is the potential alpha-particle energy
concentration of short-lived daughters in .air which are in equilibrium with
radon at a concentration of 100 pCi litre" (3.7 kBq m ).



that the concentration of the latter increased when the blower of the forced

air heating system was not operating. It should be noted that the mean time

between transits of air through the furnace was approximately 20 minutes,

corresponding to a ventilation half-time of about 14 minut&a. It is obvious

that ventilation alone could not account for the reduced activity of the

218Po.

O 1 O

We may then ask two questions. First, where is the missing iloPo, and

second (and perhaps related to the first question), why are we observing such

low values of F? Our belief that at least part of the missing activity was

deposited on surfaces in houses was confirmed when we were easily able to

detect short-lived alpha-particle activity removed by wiping the top of a

refrigerator. Subsequently we demonstrated the growth of alpha-particle

activity on a clean surface, viz., the 316-cm window of a gas-flow

proportional counter which was kept covered until observations started. From
*) 1 ft 01 A

the results, values for the rates of deposition of ^AOPo and Pb (the two

radon daughters that are produced by alpha-particle decay and, because of

recoil, are likely to exist in some quantity and for some time as atoms

unattached to aerosol particles) were determined and used to calculate the

deposition velocities. The results (4 mm sec" for both nuclides), while in

agreement with those of other workers, were strongly dependent on the

assumptions made about the fractions of the daughters which were not attached

to aerosol particles. While 10% was a reasonable value for 21**Po, it was not

for Pb, yet the evidence indicated that as a necessary assumption. This

has been discussed in some detail [14]; a plausible explanation seemed to be

that on formation, the atom of Pb recoiled sufficiently to become detached.

Wicke and PorstendOrfer developed a theoretical treatment of the problem

which seemed to explain most of the experimental observations [15]. The most



relevant aspect of their analysis Is that the equilibrium factor is strongly

dependent on the airborne concentration of particles. We have made some

measurements of the particle concentrations in some of the houses that we have

studied and observed unusually low values, e.g. 2000 cm in the house for

which data are shoxm in Figure 2. This is considerably lower than the

observations of others of typical indoor particle concentrations of

(0.5 - 5) x 10 cm [15,16], and according to the theory it should result in

an equilibrium factor of a little less than 0.2. This is in fact about what

we have frequently observed. There is a tendency for our values for F to be

lower in winter months. The possible role of static electricity at these

times has not been investigated, but it might be expected to have an effect.

To summarise the situation for radon daughters, it is clear from the

above that we cannot assume a value of 0.5 for the equilibrium factor without

a considerable degree of over-estimation in many cases. While the results of

the theoretical and experimental investigations of Wicke and PorstendBrfer

[15] seem to explain in large measure the behaviour of the daughters, the

conditions they assumed or observed may not be universally applicable to

houses in this country because of different conditions. Certainly forced air

heating systems may not be common in Germany. On this subject too we need

more data.

3. Other "Technologically Enhanced Levels"

House construction at any time presumably makes use of reasonably

contemporary advances in building technology. To take a simple example, it

seems unambiguously clear that houses built to-day are far less well

ventilated than they were 50-100 years ago. We can therefore safely assume

that radon concentrations in houses are higher to-day than they were years



ago, i.e. they are "technologically enhanced." However, that is not what is

commonly understood by the use of that term. In the present context one

immediately thinks of either the industrial use of waste or by-product

materials from uranium mills, phosphate rock processing, etc., or the

incorporation into concrete of alum shale, fly ash or blast furnace slag. In

this country the most notorious has probably been the situation in the town of

Grand Junction, Colorado, where many buildings (including homes, schools and

factories) were constructed with the incorporation of uranium mill tailings in

or under the foundations and as backfill [17].

We will use it as an example of such areas. Data collected prior to 1981

for 310 homes in Grand Junction [18] are summarized in Table 2, where they may

be compared with our results for 110 houses. The point to be made is that if

our figure of 6% of houses showing more than 10 pCi litre"* is representative

of all houses, there are far more people in the general population who are

being exposed at these higher levels than in Grand Junction and all similar

areas combined, even though the effective dose equivalent to residents of

those showing the higher levels is similar to that for perhaps 10% of the

TABLE 2. Numbers of houses with high concentrations of radon in Grand
Junction, CO and near Argonne, IL

Place

Grand Junction, CO

before cleanup
after cleanup

Chicago suburbs

No. of
houses

310

110

Z of

6 pCi

houses with

litre"1

71
68

15

air

10

exceeding

pCi litre"1

40
10

6
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residents in Grand Junction. Once again this points up the need for much more

extensive data.

One final point can be made. In Grand Junction and other areas where

similar conditions prevailed the contamination was fairly well localized. On

the other hand the incorporation of phosphogypsum into blocks, plaster,

plasterboard and cement spreads contamination widely. Data presented in the

1982 UNSCEAR report show that while the total amounts of radium distributed in

fertilizer and gypsum from phosphate are roughly equal, the collective

effective dose equivalent commitment for internal irradiation from the use of

gypsum in building materials is more than 40 times that from the use of the

fertilizer [19]. However, the numbers are still small compared to those from

natural levels, and probably negligible compared to those from the higher

natural levels.
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Captions for diagrams

Figure 1. (Upper plot) Concentrations of radon (hourly averages) in

pCi litre"* and of the short-lived radon daughter-products (hourly

measurements) in Working Levels during four days in early autumn.

Data collected in the concrete basement of a frame house. The

highest concentration of radon was about 50 pCi litre . If the

radon values are referred to the left-hand scale, they indicate the

theoretical maximum concentrations that the radon daughters can

have. Note the pronounced diurnal variations. (Lower plot)

Values of the equilibrium factor, F, derived from the data in the

upper plot.

Figure 2. Concentrations of radon (hourly averages) in pCi litre" and of the

short-lived radon daughter-products (hourly measurements) in

Working Levels, during six days in late winter. Data collected in

a bedroom of a split-level frame house with an unpaved crawl

space. The highest concentration of radon was about

52 Ci litre"1. The interruption in the data starting at about

11:00 p.m. on 3 March was due to a po'-rar failure. There are no

detectable diurnal variations.
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