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Abstract—"Rn is usually mentioned as a source of radiation exposure of man in con-
nection with inhalation rather than ingestion. However, since radon is a natural contaminant
of ground water, it is of interest to study also the doses caused by intake with water. For inges-
tion of water containing radon, the stomach is the critical organ. The radon retention in the
body is mainly determined by the transport from stomach to blood, since radon is rapidly
eliminated from blood. After 4 hr only a few per cent of the ingested amount remains in the
body, but is then likely to be eliminated at a lower rate, probably because of the high solubility
in adipose tissues. The dose equivalent per 1 pCi radon ingested is estimated at 200 mrem,
corresponding 0 (MPQC)y = 10—* xCi/ml (100 nCi/l.). Concentrations of up to 5000 nCi/l.
have been reported in the literature. A frequent value for tap water from ground water
supplies is 1 nCi/l. in many countries, while waters from deep bored wells frequently show con-
centrations of the order of 10 nCi/l. It is interesting to note that radon concentrations of up to

1 nCi/l. have been observed in some dairy milk.

INTRODUCTION

Although there are numerous reports on the
content of 222Rn in drinking waters (distributed
in time from 1904, when one paper was pub-
lished by Mme Curie® up to the present no
value for the maximum permissible concentration
of this nuclide has been proposed until recently
(Bernard, (® Andersson and Nilsson,(® von
Débeln and Lindell, 4 and Hursh et al. (), with
the exception of a value given in 1953 by the
United States National Committee on Radiation
Protection in NBS Handbook 52 ¢) but not re-
peated in later NCRP reports. The Interna-
tional Commission on Radiological Protection
does not recommend any value for (MPC)y.

There are several obvious reasons for this,
one being that radon in water rarely constitutes
an occupational risk since it is usually naturally
occurring. Another reason is that the radon
does not remain in the water very long, and
that it stays an even shorter time in the body once
ingested. Already in the 1910’s the apparent
mean residence time was found to be less than
one hour, and in the 1930’s detailed studies of
the radon retention was published, e.g. by
Stefen Meyer (") and by Fernau and Smereker.

719

LR.P. VOL, |—Z

With the present attitude towards radiation
protection, however, even radon in water has
become of some interest from the radiation pro-
tection point of view. Protection efforts are
not only directed towards the radiation worker;
ICRP has given “dose limits” also for the general
public, “intended to provide standards for the
design and operation of radiation sources so that
it is unlikely that individuals in the public will
receive more than a specified dose”.

These dose limits have not been designed to
apply to naturally occurring radiation sources
or, in fact, to any occurring situation. For such
situations it is countermeasures rather than
planning that are required. However, the
(MPC)w-values are based also upon the doses
per unit intake of activity, and the results of such
calculations are also needed in the assessment
of the possible risk from a given source. There-
fore, the doses due to intake of radon with
drinking water justify some investigation. The
doses may not always be entirely insignificant:
it has been shown that there.exist in nature
drinking waters that may give local tissue doses
as high as 1 rem/day at a water consumption of
11./day, i.e. 1 rem per liter consumed.
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LEVELS OF **Rn IN WATER

A number of relatively recent reviews (Fede-
rov and Baranov,® Hursh ¢f al.,® Muth et
al., 1 Kiefer and Maushart, @ Turner ¢t al., 12
Smith et al., ®® von Débeln and Lindell @) and
old reports (Sahlbom, %) Stephan,®%) Engel-
mann, 1 Ludewig, @71 Genser 1%.2); mostly
on spa waters, relatively portray the frequency
of various 222Rn levels in ground water.

Sahlbom found already in 1915 that typical
Swedish values for the radon concentration in
ground water in sedimentary rocks ranged
between 0.7 and 1.1 nGifl., while wells in ig-
neous rocks usually covered the range 2-20
nCi/l. Kiefer and Maushart found levels be-
tween 0.1 and 2.5 nCi/l. in tap waters from a
number of German towns which use ground
water or springs. Surface waters usually show
less than 0.05 nCi/l. Turner ¢ al. found an
average of 1.1 nCi/l. in Cornish waters, while
they assumed that the average for the whole of
Britain is only 0.002 nCi/l. Smith et al. found
average concentrations of 16 and 30 nCi/l. in
wells in Maine and New Hampshire, respec-
tively, with maximum values as high as 200
nCi/l. The highest levels found in Sweden are
near the same level (Armands (D),

Spa waters in Oberschlema in Germany
have been reported by Kuroda (2® and by Gen-
ser(2® to hold activities ranging from 100 to
5000 nCi/l.

The radon content of the drinking water
has been suggested by Allen-Price®®» as a
possible cause of an alleged higher than normal
cancer frequency in certain parts of West Devon,
but these levels as reported by Abbatt et al.(29),
were not found to be higher than 13 nCi/l.

THE FATE OF THE INGESTED RADON

In 1933, Fernau and Smercker® gave an
exponential expression for the radon expiration
rate after ingestion with water. Their expression
contained two exponential terms and represen-
ted a rapid increase, with a time constant k4 =
0.149 min -1, followed by a more slow decrease,
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corresponding to a time constant kp = 0.023
min-% Fernau and Smercker correlated the
time constants to the elimination from the gas-
trointestinal tract and the blood, i.e. from two
compartments. A more general multi-compart-
ment analysis will be needed to illustrate the
phenomenon over a longer time period. The
general circuit graph of a five compartment
system would be as follows

The amount of radon transferred from com-
partment (m) to compartment (n) per unit time
can be written as

Rmn = kanm —_ knm?n

where the ¢’s denote the quantity of radon in
the various compartments.

The radon transport will be governed by
five differential equations, namely

d

thl == — (ku + k:,a + k14 + kls + 31)91
4 kugs + kg -+ knge + ksags;

dq.

E— = -+ kuql - (kgl -+ kza + k24 -+ kzs

+ ¢)q, + ksgs + k42?4 + ksags;

etc.

where the ¢’s denote elimination constants. A
detailed analysis of this system has been re-
ported by von Débeln and Lindell. ¢ A rough
approximation of the circuit graph can be
made as follows:
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The analysis yields curves of the type shown in
Fig. 1. In addition to the total retention curve,
the retention is also shown in the following five
compartments: blood (B), stomach (S), extracel-
lular fluids (ECF), intracellular fluids (ICF)
and fat (F). The broken curve represents the
retention in fat calculated on the basis of experi-
mental data presented by Hursh et al.(® and
Harley et al.(*» The long-term retention is
entirely governed by the fat content.

R=1.0 1
0.1 ]
0.01
0.001
0.0001
0.01 I 0‘.1 ‘ 1.0 10 100 hours
Fic. 1.

The mathematical model, used here only
for illustrational purposes, reflects facts that
were reported and well understood already by
Meyer in 1937.® The radon is transferred
from the stomach to the blood at a rate which
varies depending upon whether the water was
ingested on a full or,on an empty stomach. Fat
in the stomach will decrease the rate of transfer
because radon is more soluble in the fat which
is also more slowly absorbed than the water.
An equilibrium between the radon in the fat
and in the intestinal fluids will probably not
be attained until the fat is in emulsion after the
influence of bile and other intestinal fluids.

Once the radon has reached the blood, it is
eliminated very rapidly through the lungs, with
an effective half-time of only about one minute.
While in the blood, the radon is retained pos-
sibly by adsorption and absorption processes.

After four hours, only a few per cent of the
ingested amount remains in the body. The re-
maining radon is mainly located in the adipose
tissues, because of the higher solubility in fat.
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This has been demonstrated on the rat by
Nussbaum and Hursh,*® in a study of the
distribution between different organs under
equilibrium conditions.

Figure 2 shows some examples of retention
curves for 222Rn after a single ingestion, as
suggested by various authors. Curve 1 repre-
sents a single exponential function assumed by
Andersson and Nilsson. ) Curve 2 illustrates
the double exponential expression suggested by
Fernau and Smereker.® Curves 3 and 4 cor-
respond to data obtained by Hursh et al. ) for
an empty and a full stomach respectively. Gurve
5 can be obtained from the compartment analy-
sis discussed above, on the basis of experimental
data presented by Harley et al. (2%

Retention measurements by von Débeln and
Lindell @ on subjects who had ingested radon
with water on an empty stomach yielded the
data shown in Fig. 3. The technique did not
permit measurements for more than about five
hours. The diagram actually shows the body
content of the daughter product **Bi (RaC)
as measured by whole-body counting. The full
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curve represents the body content of 14Bi cal-
culated on the assumption of a single expo-
nential retention of *2?Rn ingested in initial
equilibrium with *1Bi, while the broken curve
is based upon the assumption that 25% of
the radon gas is lost initially. The experimental
points have been normalized to make the
average retention between 3 and 4 hr fall upon
the calculated curve.

The long-term retention is only vaguely indi-
cated by these data, but experiments aimed
at measuring the retention at more than five
hours after ingestion will be carried out.

MAXIMUM PERMISSIBLE CONCENTRATIONS

On the basis of the information referred to
above, the radiation doses to various oOrgans
and hence also values for (MPC)w can be cal-
culated. The results derived by von Dobeln
and Lindell are shown in Table 1:
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Table 1. Suggested (MPC)w Values for Rn222

Dose equivalent
Organ per 1 xCi radon (MPC)w
of reference ingested (mrem) {(nCi/ml)
Critical organ
GIT (stomach) 200 104
Other organs
Liver 7 3.10-3
Fat 6 3.10-2
Whole body 2 3.10-3
Lung 2 10-2
Kidney 1 2.10-2

The stomach is the critical organ with a
dose equivalent to the stomach wall of 200
mrem per pCi radon ingested and (MPC)w =
10 -4uCi/ml. This value of (MPC) is 50 times
as high as the value once suggested in NBS
Handbook 52, but it is in accordance with the
estimate by Hursh et al. (® It is 1 /5 of the value
proposed by Bernard () who, however, sug-
gested fat as critical organ, and 1/9 of the value
proposed by Andersson and Nilsson. (» Both
the latter values seem to have been derived on
the unrealistic assumption that all energy de-
livered within the body is dissipated in living
dissues. In fact, 50-75% of the energy is deli-
vered in the stomach content and in the mucus,
even if the energy from the a-emitting daughters
which fail to penetrate the mucus is completely
neglected.

Rn(RaC) retention, arbitrary units

(b)
WATER + CREAM
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Fic. 4. Rn(RaC) retention, arbitary units.
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Table 2. Bunsen and Ostwald Solubility Coefficients for Inert Gases in Water and
Olive Oil at 37°C (Ref. Lawrence et al., 1946; last entry: Nussbaum, 1957.)(3®)

Molecular
Gas weight Water Olive oil Oil/Water ratio
Bunsen absorption coefficients (o)
Helium 4 0.0085 0.015 1.7
Neon 20.2 0.0097 — —
Nitrogen 28 0.013 0.067 5.2
Argon 39.9 0.026 0.14 5.3
Krypton 83.7 0.045 0.43 9.6
Xenon 131.3 0.085 1.7 20.0
Radon 222 0.15 19.0 125.0
Ostwald absorption coefficients (a1)
Radon (from above): 0.17 21 125
Radon (Nussbaum): 0.165 6.25 ~40
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On the basis of (MPC)yw = 10~ uCi/ml, or
100 nGi/l.,, some natural waters exceed the
maximum permissible occupational levels. In
risk assessments, however, it must be borne in
mind that the ICRP method of calculating
(MPC)y is based on the assumption that the
total water intake is ingested as drinking water
and, furthermore, that radon is likely to dis-
appear from the water unless it is ingested
immediately after tapping.

RADON IN MILK

If water containing radon is kept in an open
container of normal shape, the radon is elimi-
nated with an apparent half-time of about 20 hr
(cf. Fig.'4(a)). If the water is stirred the loss is
greater, and if the water is poured from one
container to another, about 10-159, of the
radon is lost each time (the broken curve in
Fig.4(a)). If some cream is added to the water,
the retention time will increase (Fig. 4(b)} and
approach the physical life of #22Rn (91.8 hr
half-life). Again, the explanation is the higher
solubility in fat, which is also illustrated by the
Ostwald solubility coefficients for inert gases in
water and oil as shown in Table 2.

Because of its higher solubility in fat, radon is
also retained in milk. This has been shown
to have some interesting consequences. It has
been demonstrated by von Débeln and Lindell )
that ®22Rn can be found in cow’s milk if the
animals have had access to radon-rich water.
The ratio of the concentrations (nCifl.) found
in milk and in water at the same farm was less
than 0.04, with 0.025 as a representative value.
This means that if milk is found to contain
222Ry the water supply is likely to hold the
40-fold concentration. This opens a possibility
to trace high radon concentrations in ground
water through milk.

Magi and Lindell ¢") have recently reported
on a survey (for 13°Cs) covering milk from all
Swedish dairies (about 300), which revealed
the presence of radon in samples from 13 dairies
located in a relatively limited part of Sweden,
mostly in Sméaland. The location of the dairies
is indicated in Fig. 5, where the dairies with
radon are represented by circles.

The highest concentration was 0.6 nCifl.
which would suggest that the average concen-
tration for about 400 farms delivering milk to
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this dairy would be at least 25 nCi/l., or that a

- few farms have water supplies with much higher

concentrations. This is being further investi-
gated.
10000 § counts /40 min per channel
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Fic. 6. y-spectra illustrating some of the most

active milk samples found in the Swedish samp-

ling programme of 1962; cf. discussion in the
text.

Even though the concentrations of 222Rn in
milk are much lower than in water, they are
sometimes sufficiently high to dominate the
y-spectrum completely, even at relatively high
levels of artificial contamination, as can be
seen from Fig. 6. Not even the highest %11
concentration measured in Swedish milk (in
1962) did give such a high counting rate as.
the highest 222Rn concentration found in milk.
The naturally occurring contamination can, in-
deed, be as intriguing as the far more investi- -
gated contamination caused by nuclear debris.
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