
Radon in potable groundwater:
examples from Norway

B. Frengstad1,2, A. K. Skrede3, J. R. Krog2,T. Strand4, B. Lind5 and
D. Banks6

1 Department of Geology and Mineral Resources Engineering, Norwegian
University of Science and Technology, N-7491 Trondheim, Norway. 

2 Geological Survey of Norway, N-7491 Trondheim, Norway. 3 Norwegian
Water Resources and Energy Directorate, P.O. Box 5091, Majorstua,

N-0301 Oslo, Norway. 4 The Norwegian Radiation Protection Authority,
P.O. Box 55, N-1345 Østerås, Norway. 5 The Norwegian Radiation 
Protection Authority, Polar Environmental Centre, N-9296 Tromsø,

Norway. 6 Holymoor Consultancy, 86 Holymoor Road, Holymoorside,
Chesterfield, Derbyshire, S42 7DX, United Kingdom.

E-mail: bjorn.frengstad@ngu.no

Abstract

Radon in potable groundwater contributes to radon concentrations in indoor air when de-

gassed and may also have a health impact when ingested. During the 1990s, several surveys

of radon concentrations in Norwegian groundwater have been carried out, including a na-

tionwide study by the Norwegian Radiation Protection Authority and the Geological Sur-

vey of Norway. 222 of 1601 (13.9 %) investigated boreholes in Precambrian and Palaeo-

zoic crystalline bedrock yielded water with radon concentrations in excess of the recom-

mended action level of 500 Bq/l. The highest levels are usually found in granites (up to 20

000 Bq/l), but concentrations vary considerably between boreholes within each lithology.

Groundwater in superficial Quaternary sediments typically has radon concentrations well

below the recommended action level. Several effective methods exist for removal of radon

from water.

Introduction: Radon in Groundwater

Radon is a naturally occurring radioactive gas. As a member of Group VIII
of the periodic table, it is essentially chemically inert. It occurs as three nat-
ural isotopes (see Table 1), derived from three different radioactive decay
chains, commencing with 238U, 232Th and 235U. Of the three radon isotopes,
222Rn is that most commonly discussed in the context of health risks (and is
referred to hereafter simply as «radon»). This isotope has a half-life of 3.8
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Fig. 1. Apparatus for the preparation of curative drinking water for homes and hos-
pitals. Advertisement from the 1920s.



days, and can thus persist long enough in water and household air to pose a
health risk. 220Rn (thoron) has a much shorter half-life and is commonly re-
garded as less problematic. However, in some situations (e.g. enclosed
spaces in permeable thorium-rich rocks, especially e.g. buildings with in-
door wells), thoron can conceivably also be a health issue.

Table 1. Half-lives of the three natural isotopes of Radon.

Isotope Common name Half-life Decay chain 
commencing with

222Rn Radon 3.8 days 238U
220Rn Thoron 54.5 seconds 232Th
219Rn Actinon 3.92 seconds 235U

Radon is important in the context of potable groundwater, because the ele-
ments thorium and uranium are abundant in some groundwater-bearing
rocks, such as granites (e.g. arithmetic mean values of 50.2 ppm and 9.9
ppm respectively in the Norwegian Iddefjord granite (Killeen and Heier,
1975)), and also because radon has a high solubility in water. As with most
gases, solubility decreases with increasing temperature (51 vol. % at 0°C
and 13 vol. % at 60°C).

Although, today, exposure to radon is associated with health risks (e.g.
lung cancer), the element was not always perceived thus. Radon was, not so
long ago, considered a desirable, «invigorating» component of mineral wa-
ters and spas. For example, the spa at Badgastein in Austria was (and still
is) famed for its natural radon-containing mineral waters (at concentrations
of up to 3990 Bq/l). At Bath Spa, in England, a funnel-shaped «inhalitori-
um» was constructed above the mineral water springs so that patients (as re-
cently as the mid-20th Century) could breath in the degassed radon from the
water. It was even possible to purchase domestic radonating kits, whereby a
radium mineral would release a supplementary dose of radon to domestic
drinking water (Albu et al. 1997, see Fig. 1).

Sources of Radon in Groundwater

It might be supposed that radon in groundwater could be derived from two
different sources:

(i) radioactive decay of dissolved radium (the immediate precursor to
radon in the decay chain).
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(ii) direct release of radon from the mineral matrix from minerals contain-
ing members of the uranium/thorium decay series.

In fact, in most waters, concentrations of radon are far in excess of those
that one would expect from mere equilibrium decay of dissolved radium (a
rather insoluble element). It is thus believed that radon in groundwater is
dominantly derived from mineral sources in aquifer grains or wall rock of
fractures. Concentrations of radon in groundwater thus largely depend on
six factors (Nelson et al. 1983, Michel 1990, Ball et al. 1991, Albu et al.
1997):

(i) hydrodynamic factors (e.g. whether groundwater is flowing slowly
enough to approach an equilibrium between mineral and dissolved
phases)

(ii) geometric factors. Equilibrium radon concentrations are believed to be
inversely proportional to the aperture of a groundwater-bearing frac-
ture.

(iii) the uranium (or strictly speaking, the radium) content of the aquifer
host rock (or fracture mineralisation)

(iv) the mineralogy of the phases containing the radium and uranium
(v) possibilities for degassing of radon prior to point of abstraction.
(vi) concentrations of dissolved radium in groundwater

Figure 2 shows the correlation between dissolved radon and dissolved ura-
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Fig. 2. X-Y plot of radon versus uranium concentrations in Norwegian bedrock
groundwater (From Frengstad et al., 2000). Note the log scales.



nium in Norwegian bedrock groundwater. The correlation is not due to dis-
solved uranium decaying to release radon gas. Rather, both parameters are
ultimately derived from the same uranium-bearing minerals in the aquifer
matrix. In other words, uranium-rich granites will often contain groundwa-
ter with both high levels of dissolved uranium and dissolved radon.

Exposure Mechanisms

The most obvious pathway for exposure to radon in groundwater is by in-
gestion (drinking). Some studies have indicated a possible link between
radon in water and gastric cancer (Mose et al. 1990), although this has yet
to be conclusively proven. Swedjemark (1993) has estimated doses derived
from radon in drinking water and believes that the dose from the ingestion
pathway is most significant in young children (Table 2).

Table 2. The effective radiation dose from radon in household water.
The proportion of the dose derived from aerated (and inhaled) radon is
compared with the proportion derived from digestion of the water for
infants, children and adults. Total dose should not exceed 1 mSv pr.
year on a life-time average. Source: Swedjemark (1993).

Radon in Target Group Inhalation dose Ingestion dose Sum dose
water [Bq/l] [mSv/year] [mSv/year] [mSv/year]

100 Infants 1 year 0,4 0,7 1,1
Children 10 years 0,4 0,15 0,55
Adults 0,4 0,05 0,45

1000 Infants 1 year 4 7 11
Children 10 years 4 1,5 5,5
Adults 4 0,5 4,5

When radon-rich groundwater enters a home, there is also potential for de-
gassing of radon from water to household air, especially as the water heats
up and the radon becomes less soluble. In particular, radon is degassed ex-
tremely effectively in household appliances such as dish-washing machines
and shower units. Figure 3 indicates that, on turning on a shower (which
utilises radon-rich groundwater), concentrations of radon in the air increase
very rapidly. After the shower has been turned off, radon concentrations in
air fall only slowly and persist above recommended maximum levels for a
long time. 

The Norwegian Radiation Protection Authority has recommended an ac-
tion level of 500 Bq/l for radon in domestic water, and 200 Bq/m3 in house-
hold air (NRPA, 1995).
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Surveys in Norway

Probably the earliest investigations of radon in Norwegian groundwater
were carried out by Staw et al. (1989) and Strand & Lind (1992). This was
followed by the Geological Survey’s pilot project in 1992-93 where around
30 water samples were collected from wells in south-eastern Norway and
Trøndelag (Banks et al. 1995a,b). In this study the Iddefjord Granite aquifer
was demonstrated to contain a number of boreholes yielding water with dis-
turbingly high radon concentrations. A larger (150 samples) project contin-
ued this work in the counties of Hordaland and Vestfold, again demonstrat-
ing that radon can be a problem-parameter in Norwegian crystalline
bedrock groundwater (Reimann et al. 1996, Morland et al. 1997). Sampling
of wells in Quaternary superficial deposits (sands, gravels, tills – see below)
was published by Morland et al. (1998). During the period 1996-1999, the
Geological Survey of Norway supported the national groundwater quality
mapping project, SPAGBIFF (Systematisk Prøvetaking Av Grunnvanns-
Brønner i Fast Fjell), where radon was one of the parameters determined
(by the Norwegian Radiation Protection Agency, NRPA). During this pro-
ject, some 1600 quality-controlled samples of water from boreholes/wells/
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Fig. 3. Effect of Rn-containing shower water (4200 Bq Rn/l) on the concentration of
Rn in the bathroom air. (After Strand and Lind, 1992). 



springs in crystalline bedrock were analysed, together with 72 samples of
groundwater from Quaternary superficial deposits. Results of SPAGBIFF
are published by Banks et al. (1998a,b, 2000) and Frengstad et al. (2000,
2001). NRPA continued to receive groundwater samples and a total of
about 3500 samples have been analysed for radon (Strand et al., 1998). 

Radon in Groundwater in Superficial Deposits

Studies by Morland et al. (1998) and Banks et al. (1998b) have involved
sampling and analysis of groundwaters from wells and boreholes in Quater-
nary superficial deposits (loose sands, gravels, tills etc.) in Norway. These
aquifers are important because they support high-yielding wells and form
the basis for many of Norway’s largest public groundwater works.

Although the authors of these studies were able to identify a tentative
correlation between radon concentrations in groundwater and the composi-
tion of the underlying crystalline bedrock, the concentrations were typical-
ly significantly below the recommended action level of 500 Bq/l (Fig. 4). 
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Fig. 4. Boxplots for concentrations of radon in water. (1) Ground water from Qua-
ternary deposits. (waterworks supplying >1000 persons), (2) groundwater from
crystalline bedrock (waterworks supplying >1000 persons). (3-6) Groundwater
from boreholes in crystalline bedrock in the counties of (3) Trøndelag, (4) Horda-
land, (5) Vestfold, and (6) Østfold (Iddefjord granite). Data from Reimann et al.
(1996), Morland et al. (1997, 1998), Banks et al. (2000). For an explanation of the
Boxplot, see Appendix A.



It is thus, in a Norwegian context, groundwater from crystalline bedrock
that poses a potential radon health risk, rather than groundwater from su-
perficial deposits. The reason for this is probably that intensive chemical
and mechanical weathering have removed most of the uranium-containing
minerals from Quaternary sands and gravels (which are overwhelmingly
dominated by quartz clasts), while in the glacially scoured, fresh bedrock,
uranium mineralisation persists.

Radon in Groundwater in Crystalline Bedrock – Lithological
Dependence

During the aforementioned SPAGBIFF study (Banks et al. 1998a), the dis-
tribution of radon concentrations in 1601 sampled crystalline bedrock
groundwaters was plotted on cumulative frequency diagrams. The diagrams
indicate a highly skewed (supposedly log-normal) distribution, the bulk of
the samples having modest radon concentrations but with a significant
number of high outliers (up to 20,000 Bq/l). Some 13.9 % of the samples
exceed the recommended action level of 500 Bq/l (Figure 5). 

When the data set was split into different lithological units, clear differ-
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ences began to emerge. While, for each individual lithology, one could still
find a wide range of values, exhibiting a heavily skewed pattern on the cu-
mulative frequency distribution curve, the position of the curve differs be-
tween differing lithologies. For example, the anorthosites of the Egersund
area exhibit a median radon concentration of < 10 Bq/l, whilst the Iddefjord
granite of south-eastern Norway has a median of some 700 Bq/l.

Because of the range of values present in each lithology (depending, pre-
sumably, largely on local hydrodynamic and mineralogical factors), it is not
possible to predict that a specific well drilled in a particular formation will
not have a problem with radon, nor is it possible to state that all wells in, for
example, the Iddefjord granite will have a problem. It is, however, possible
to predict the probability of a given lithology giving rise to a potential prob-
lem. For example, in the Iddefjord Granite, we can say (on the basis of
SPAGBIFF data) that there is a 70 % chance that a well will yield water ex-
ceeding the recommended action level of 500 Bq/l radon.

Time-Dependence of Radon Concentrations

In 1999, five boreholes in crystalline bedrock in the Bergen area of Norway
were sampled every two weeks, throughout a period of one year, to deter-
mine the time-variability of radon concentrations in groundwater (Nilssen,
2001). The five selected boreholes span a range of radon concentrations
from modest (<100 Bq/l) to high (c. 5000 Bq/l). Results are shown in Fig-
ure 6. It will be noted that radon concentrations in four of the boreholes are
surprisingly stable. In borehole 5, they are subject to major fluctuations cor-
relating with rainfall events. Close inspection of the borehole revealed that,
during strong rain, surface run-off water is running directly into the bore-
hole, diluting the radon-containing groundwater.

It is naturally difficult to draw general conclusions from this study, but
one might expect unstable radon concentrations in boreholes whose water
has a low residence time compared with the half-life of radon. 

Removal of Radon in Potable Groundwater

There exist a number of methods for treating radon-containing water, of
which several are reported to have a removal efficiency of over 95%. The
methods are essentially based on one (or a combination) of the following:

(i) aeration: to remove radon from water to the gas phase prior to entry to
the household

(ii) storage: a storage period which is significant in comparison to radon’s
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short half-life (3.8 days) ensures decay of radon to short-lived isotopes
(lead, polonium etc.) which are neither degassed to air nor readily ad-
sorbed during human ingestion.

(iii) filtration: activated carbon filtration and reverse osmosis have been
shown to be effective at removing radon. These methods are expensive,
especially for large quantities of water, and require a certain amount of
maintenance.

Of these methods, aeration is possibly most suited to treatment of radon
from wells in crystalline bedrock. Aeration units are typically based on
bubbling or cascading water through a high-surface area aeration medium.
Units are available which are reported to have a 99% radon removal effi-
ciency (although this depends on radon concentration and water flow). Af-
ter aeration, water should be stored for at least 1 hour, before use, in order
to allow daughter products (with short half-lives) to decay. Further infor-
mation on treatment of radon in water is found in Banks et al. (2000).
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Conclusions

Radon in drinking water may give doses of concern by ingestion, especial-
ly in young children. Through showers and washing machines, radon in
household water is also released to the indoor air, which may subsequently
be inhaled. 

Radon is ubiquitous in Norwegian crystalline bedrock groundwaters.
The radon concentrations vary significantly between boreholes in the same
lithology, possibly largely due to hydrodynamic factors. The highest levels
of radon in groundwater are found in uranium-rich granites, but high levels
are found in most other lithologies as well. Precambrian anorthosites is the
only investigated lithological group where the probability of finding radon
concentrations above the recommended action level is almost nil. We thus
recommend that every household, whose potable water is derived from
bedrock aquifers, requisition a water analysis. 

Surveys of groundwater from Quaternary sand and gravel deposits reveal
that radon is not a major problem in these aquifers. It is such aquifers which
support the majority of larger public groundwater supply works in Norway.

An investigation of 5 boreholes in the Bergen area suggests that radon
concentrations in bedrock groundwater are rather stable through the year.
However, in cases where water residence times are low, some degree of
fluctuation might be expected.

There exist several methods for removing radon from water, of which a
combination of aeration and subsequent short storage seems to be the most
efficient.

Appendix A

The boxplot provides a graphical data summary where median, quartiles,
spread, and data outliers are displayed. The box contains the mid 50 % of
all data where the median value is marked with a line that divides the box.
The brackets above and below this line denote a robust 95 % confidence in-
terval on the median. The upper and lower ends of the box (called «hinges»)
represent the 75 % quartile and the 25 % quartile, respectively. Lines
(called «whiskers») are drawn from the ends of the box towards the maxi-
mum and minimum values, respectively, each containing about 25 % of all
data. The whiskers extend up to 1.5 times the length of the box and outlying
data points are plotted as crosses (near outliers) and squares (far outliers).
Boxplot is a useful presentation technique for comparison of different
datasets and for revealing skewness of the distribution and outlying data
points.
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