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Indoor radon constitutes a serious health concern to the population of Norway and this study discusses 
the need for a new and improved radon hazard map of Norway. To this end, we present a procedure for  
producing a radon hazard map, using Trøndelag county as a test area, based on equivalent-uranium (eU) 
from 12 airborne gamma-ray spectrometer surveys and 486 whole-rock chemical analyses of bedrock  
samples covering large tracts of the county. The current radon hazard map for Norway is based on extra- 
polation of indoor radon measurements using existing bedrock maps. A previously published relation- 
ship between eU concentration from airborne surveys and indoor radon measurements in the Oslo Fjord  
region forms the basis of the new map. Ground natural gamma-radiation measurements along main roads,  
supplementary XRF analyses from anomalous sites and indoor radon measurements have been used to  
validate the new radon hazard map. In many areas, the new radon hazard map for Trøndelag county  
deviates significantly from the current radon hazard map. For example, the current map shows ‘Moderate 
to low risk’ in areas with anomalous high eU values. The new Coop-project radiometric compilation also  
reveals other eU anomalies along the coast of southern and western Norway that are not reflected in 
the current radon awareness map. We conclude that there is a need to produce a new radon hazard 
map for all of Norway based on data with a dense regional coverage rather than sparse, clustered indoor 
measurements.

Introduction
Radon is globally the most common cause of lung cancer in the non-smoking population and the  
second-most common cause among smokers (Zeeb & Shannoun, 2009; Gaskin et al., 2018).  
Approximately 300 deaths per year are due to lung cancer from exposure to radon in Norwegian  
dwellings (DSA, 2009; Norwegian Ministries, 2010; Hassfjell et al., 2017). The Norwegian Radiation and  
Nuclear Safety Authority (DSA) has, therefore, recommended that dwellings should not exceed 200 Bq/m3 

and that homes where concentrations exceed 100 Bq/m3 should be studied for potential radon-reducing  
measures (DSA, 2009). Such high radon concentrations are not unusual in Norway. A potential elimination 
of radon in all Norwegian homes will result in a c. 12% reduction in the incidence of lung cancer, assuming 
unchanged smoking habits (Hassfjell et al., 2017). 
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Ganerød et al. (2013) made an overview of geophysical, geochemical and geological data held by the 
Geological Survey of Norway (NGU) related to uranium content and radon hazard but stopped short 
of suggesting how these data could be utilised to produce a new and improved radon hazard map of 
Norway. Conventional radon awareness maps are generally based on radon measurements in soil air, 
as in the Czech Republic (Mikšová & Barnet, 2005), or in indoor air, as in Belgium (Cinelli et al., 2011) 
and the UK (Miles et al., 2007, 2011). This type of datasets, however, do not provide good coverage in 
Norway partly due to the low and unevenly distributed population. In this context, airborne surveying 
can be an important addition to conventional radon mapping programmes. The radiometric coverage 
of Norway has improved dramatically over the last decade due to numerous state-funded surveys for 
mineral exploration (MINN and MINS programmes) and industry-supported, onshore-offshore studies 
(Crustal onshore-offshore projects – Coop).

Several studies, for example in parts of Sweden (Åkerblom, 1995), Canada (Ford et al., 2000), Norway 
(Smethurst et al., 2008) and Ireland (Elío et al., 2020) have produced radon hazard maps using airborne 
radiometric data. Contrary to radon, the concentration of its parental uranium in rocks and soils can  
easily be measured by regular laboratory or in situ analyses or estimated by airborne gamma-ray  
spectrometer data. There are many naturally existing radioactive elements, however, only three have 
isotopes that emit gamma radiation of sufficient intensity to be measured by airborne gamma-ray  
spectrometry. The three major sources of gamma radiation are 40K, daughter products in the 238U 
decay series and daughter products in the 232Th series.

Airborne radiometric surveys provide potassium content (%) directly, as gamma rays are  
emitted from 40K when it decays to 40Ar, while U and Th concentrations (ppm) are estimated from the  
gamma-ray emission peaks associated with decay of 214Bi and 208Tl, respectively, and are expressed as 
equivalent uranium (eU) and equivalent thorium (eTh) (Otton et al., 1995; Dentith & Mudge, 2014). Such 
surveys are, therefore, suitable for mapping spatial variations in 238U and calculation of radon (222Rn)  
emission in the near surface. The daughter isotope 222Rn in the 238U decay series has a half-life of 3.8 
days, while the daughter isotope 220Rn in the thorium decay series has a half-life of 55 seconds. There is,  
consequently, a need to map the uranium content in the subsurface to estimate the radon hazard of the  
area. The thorium content is of much less importance.

Heincke et al. (2008) and Smethurst et al. (2008, 2017) found simple, linear relationships between 
the uranium concentration in the ground from airborne surveys and the proportion of dwellings with  
average annual radon concentrations above the action level of 200 Bq/m3 and concluded that  
airborne surveying in the Oslo Fjord region provides important information on radon hazard. The study by  
Smethurst et al. (2008) consider airborne gamma-ray surveys to be better than mapped geology at  
accounting for and predicting differences in radon potential across the Oslo Fjord area. Airborne  
surveys are, therefore, important where indoor radon measurements are few or absent. Until recently,  
however, the coverage of airborne radiometric data in Norway was sparse compared to our  
neigh-bouring countries Finland and Sweden, which have almost complete coverage (Fig. 1). Smethurst 
et. al. (2014) and Watson et al. (2017), therefore, produced a radon hazard map of Norway based on a  
combination of indoor radon measurements and existing bedrock maps, a procedure that necessarily 
leaves bedrock units with no indoor measurements undefined. In the current study, we have extended 
the coverage and tested the reliability of their map based on new airborne radiometric data.

The Crustal onshore-offshore project (Coop) was initiated by NGU in 2010 to study the onshore-offshore 
relationships along the coast of western and central Norway (Olesen et al., 2013, 2015, 2019). The Coop 
project includes acquisition of seven new airborne surveys acquired in the years 2010–2017. Four of 
them were combined aeromagnetic and radiometric surveys along the coast of southern, western and 
mid-Norway with a line spacing of 250 m and a nominal flying altitude of 60 m (Fig. 1). Another survey 
in the inland of southern Norway had a line spacing of 400 m and a nominal flying altitude of 60 m.  
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In addition, reprocessing of vintage radiometric data and a bedrock map update from the Coop area 
were included. Coop also included a compilation of whole-rock geochemical data from basement 
rocks along the coast of southern, western and central Norway with emphasis on characterising the  
uranium, thorium and potassium contents. Rueslåtten et al. (2019) further compared chemical analyses 
of bedrock samples and till samples in northern Trøndelag to find out how well the till samples reflect 
the chemical composition of the bedrock.

Figure 1. Location of Trøndelag county (green border line) in Norway. The yellow and pink polygons show the present 
coverage of airborne radiometry in Norway (c. 50% of the land areas are included). All fixed-wing surveys (yellow  
polygons) along the coast between Kragerø in southeastern Norway and Brønnøysund in northern Norway were  
acquired within the Coop project, except the ROGAS–06 survey between Stavanger and Haugesund in southwestern 
Norway. Most people in Norway live along the coast and in the relatively flat, low-altitude areas of southeastern  
Norway that to a large extent are covered with airborne radiometric data – c. 70% of the population in Norway are 
covered by airborne radiometry. The pale yellow areas depict the present day coverage of airborne radiometric surveys 
in Finland and Sweden.
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The present paper presents a procedure for the production of a radon hazard map covering most 
of Trøndelag county, based on a compilation of equivalent uranium concentrations from airborne  
gamma-ray spectrometry data from the largest Coop airborne coastal survey (TRAS–12) and 11  
pre-existing helicopter-borne surveys. The geology of the study area, bedrock geochemical analyses  
and the relationship between eU concentration from airborne surveys and indoor radon measurements 
in the greater Oslo Fjord region have been used to complement this radon hazard map. Ground natural  
gamma-radiation measurements along roads, supplementary XRF bedrock analyses from anomalous 
sites and indoor radon measurements have been applied to validate the map.

Study area 
Trøndelag county has a population of c. 470,000, representing 8.6% of Norway’s total population.  
Most people live along the southern shore of the Trondheim Fjord (Fig. 2A), where the country’s 
third-largest city, Trondheim (population c. 200.000), is located. 

Trøndelag county is underlain by Proterozoic rocks of the Central Norway Basement Window at the coast 
and Caledonian allochthonous nappes farther east (Fig. 2B). The Central Norway Basement Window 
consists of highly deformed granitic, dioritic and migmatitic rocks, commonly folded with mafic rocks 
and regionally metamorphosed in upper-amphibolite to eclogite facies (Tucker et al., 2004; Røhr et al., 
2013) (Fig. 2B). The Upper Allochthon is the dominant Caledonian unit within Trøndelag county (Solli, 
1995; Gee et al., 2010) and is represented by the Trondheim Nappe Complex (Roberts & Stephens, 2000; 

Figure 2. (A) Regional Quaternary geology of the Trøndelag county (Reite, 1990; Sveian et al., 2003, http://geo.ngu.no/kart/losmasse_mobil/). (B) Bedrock map of 
Trøndelag county (https://geo.ngu.no/kart/berggrunn_mobil/). More detailed maps are applied in the GIS analyses described later in the text (See Fig. 10).
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Robinson et al., 2014). The main supracrustal units in greenschist and amphibolite facies consist of mica 
schists, phyllites, greywackes and metabasalts (greenstones). Intrusive rocks of felsic and intermediate 
composition occur locally (Fig. 2B).

The existing Quaternary map of Trøndelag (Fig. 2A, http://geo.ngu.no/kart/losmasse_mobil/) is based 
on detailed mapping at a scale of 1:50,000 in coastal areas, where most of the population is located. 
The inland areas are covered by more regional mapping at a scale of 1:250,000 (Reite, 1990; Sveian et 
al., 2003).

The coastal areas and the highest mountains in the east mostly consist of exposed bedrock (Fig. 2A).  
In the central parts of Trøndelag, discontinuous or thin till cover predominates (Reite, 1994). A thick till 
cover is widely distributed in the southeastern and northeastern parts of the study area. The coastal 
areas were deglaciated c. 12,500 years ago (Reite, 1994), and during the subsequent melting of the 
inland ice, Trøndelag was deeply submerged by the sea. Where the meltwater streams reached sea 
level, gravel and sand were deposited (Fig. 2A) while suspended material was transported farther out 
into the fjord and deposited as clay. The subsequent postglacial shoreline uplift amounts to more than 
175 m in the eastern part of Trøndelag and caused widespread deposition of clay in these presently 
densely populated areas. The postglacial uplift led to intense fluvial erosion and sediments deposited 
during glaciation and deglaciation were transported farther down the wide valleys or into the fjords.  
A significant part of the population also lives in the valleys of Orkdalen, Gauldalen, Stjørdalen, Verdalen 
and Namdalen and along fjords near the coast (Fig. 2A). The large islands of Frøya, Hitra and Vikna have 
a rapidly growing population of c. 15,000.

Data
Airborne radiometric data

In this contribution, we have compiled three modern surveys (TRAS–2012, Steinkjer–2015 and  
Trøndelag–2015) and nine vintage radiometric surveys (1983–1993) providing the basis for a  
comprehensive and state-of-the-art radiometric eU grid of the greater part of the Trøndelag county 
(Fig. 3). For the older datasets, only count rates were available and conversion to uranium content was 
necessary. Acquisition details are presented in Table 1. The nominal flying altitudes and line spacing 
vary between 60 and 80 m and between 100 and 250 m, respectively.

All these surveys are helicopter-borne using NGU equipment, except TRAS–12, which was  
acquired by the external company Novatem Airborne Geophysics with an aircraft equipped with similar  
equipment. The NGU helicopter surveys have utilised Geometrics GR–800 or Radiation Solutions RSX–5  
spectrometers with a crystal package consisting of four downward-looking NaI crystals with a total  
volume of 16.8 litres (Dumais et al., 2015; Lauritsen et al., 2018), while the Novatem fixed-wing  
surveys had a Radiation Solutions RSX–5 instrument with eight downward-looking NaI crystals with a total  
volume of 33.4 litres (Novatem, 2014).

Because the aircraft moves forward during the accumulation time, the area of ground sampled is  
elongated in the direction of flight. A rule of thumb is that 60–70% of the counts originate from an 
oval with a width of twice the flying altitude and a length of twice the flying altitude plus the distance 
travelled during accumulation (IAEA, 2003). For a typical fixed-wing survey at an altitude of 60 m, a 
speed of 225 km/h and accumulation time of 0.5 s, the area represented by each sample is about 120 x 
150 m. Thus, airborne surveys normally result in lower uranium values because they represent average 
contributions from a variety of radioactive sources. Local ground variations will therefore be smoothed.
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Figure 3. Fixed-wing (TRAS–12 in dark blue) and helicopter-borne gamma-ray spectrometry surveys (other referenced 
polygons) within the study area (Lauritsen et al., 2018). The numbers refer to the individual surveys listed in Table 1.
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Survey 
Number

Survey location 
Reference Year Contractor Platform

Flying 
height 

(m)

Line 
spacing 

(m)

cps/
ppm

212
Grong, Harran,
(Rønning et al., 

1990)
1988 NGU Helicopter 60 250 cps 

270
Rennebu, Innset,
(Håbrekke, 1983) 1983 NGU Helicopter 60 200 cps

278
Steinkjer,

(Mogaard et al., 
1989)

1986 NGU Helicopter 60 200 cps 

280

Andorsjøen, Grong, 
Snåsavatnet  

(Snåsa, Overhalla)
(Rønning, 

1991,1992a,b,c)

1990 NGU Helicopter 60 200 cps 

281
Meråker, Flornes,

(Mogaard & 
Blokkum, 1993)

1991 NGU Helicopter 60 200 cps 

282
Stiklestad

(Rønning, 1995a) 1991 NGU Helicopter 60 200 cps 

283
Verran, Holden, 

Åfjord
(Rønning, 1995c)

1992 NGU Helicopter 60 200 cps 

289
Røyrvik, Skorovatn
(Rønning, 1995b) 1993/94 NGU Helicopter 60 100/200 cps 

311 Vuku (Skilbrei, 
1993)

1992 NGU Helicopter 60 100 cps 

335
Trøndelag Region 
Airborne Survey 

(TRAS) 
(Novatem, 2014)

2012-14 Novatem Fixed-wing 60 250 ppm 

685
Trøndelag

(Rodionov et al. 
2015)

2015 NGU Helicopter 83 200 ppm 

697
Steinkjer

(Stampolidis & 
Ofstad, 2015)

2015 NGU Helicopter 90 250 ppm

Table 1. Acquisition details of the 12 airborne geophysical surveys used for this study (Lauritsen et al., 2018). The survey 
number refers to the number in NGU's DRAGON geophysical database.
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Reprocessing of helicopter-borne data

Several datasets, mainly uranium counts, needed to be reprocessed prior to concentration  
calculation and merging. The filtering and editing required are described in detail by Dumais et al. (2015) 
and Lauritsen et al. (2018). The original uranium data from the helicopter surveys usually displayed a  
linear noise trend. Hence, a manual process of adjusting the uranium count rates from lines with  
relatively higher or lower count rates was also performed. Some lines had a visible deviation in the 
uranium count rate compared to adjacent lines, mostly due to variations in temperature, ground and 
air moisture, air radon level and flying height, thus making it necessary to perform a manual levelling 
of some areas. 

Micro-levelling was required to reduce smaller linear trends. A decorrugation cut-off wavelength of 
3000–10,000 m and a Naudy filter of 400–1000 m was used for the different surveys. Nine profiles in 
the Verran–Holden–Åfjord 1992 survey (Rønning, 1995c; survey Number 283) were manually corrected 
with - 12 and - 6 cps and micro-levelled using a decorrugation filter with a cut-off wavelength of 10,000 
m and a Naudy filter of 1000 m. Except for this survey and the Rennebu–Innset survey (Number 270), 
where a total of 52 lines were corrected, there was no need to manually edit the other nine surveys. 

Calculation of equivalent uranium concentrations

For data analysis and comparison, the count rates were converted to ground concentrations.  
Normally, the ground concentrations of the radioelements are calculated using the so-called sensitivity  
coefficients obtained from a calibration test (IAEA, 2003). By using a calibrated portable spectrometer 
and recording airborne data during a few passes along the same line, the sensitivity coefficients are 
measured.
     Ce  =  ne  / Se          (1)

where the concentration C of a given element e (Th, K or U) is proportional to the sensitivity coefficient S 
and the count rate n, corrected for dead time, stripping ratio, background and attenuation.

In the present case, some of the data are more than 30 years old with little information on their  
acquisition. To obtain concentrations from these data, a concentration reference must be used.  
As most datasets overlap with either the Trøndelag–2015 helicopter survey or the TRAS–12 fixed-wing  
radiometric grids, these surveys were used as a reference to calculate concentrations (Dumais et al.,  
2015; Lauritsen et al., 2018). The surveys were processed according to IAEA (2003) standards, with all  
normal corrections applied. As seen above, a linear correlation exists between the count values and the  
concentration values. For the overlap area, all points are plotted in a graph from which the linear  
regression is calculated. 

The slope and intercept calculated by the Oasis Montaj software package (Geosoft, 2010) are later used 
to calculate concentrations according to:

     C270  = an270  + b         (2)

where C270 is the uranium equivalent concentration (in ppm) from survey 270, n is the count rate  
(in cps) and a and b are the slope and intercept, respectively, as calculated from the linear  
regression. Fig. 4 shows the regression estimate for the Rennebu–Innset survey (survey 270; Håbrekke,  
1983). A final uranium equivalent concentration (Fig. 5) for the Rennebu–Innset survey (270 in Fig. 3 
and Table 1) was, for example, calculated using a count-rate cut-off of 4, and a slope of 0.35 ppm/cps.  
This was the result of a thorough iterative process, which produced the best-fit concentration values for 
the overlap area. 
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Figure 4. Linear regression between the uranium ground concentration in the overlapping area of survey  
Trøndelag–2015 (ppm) vs. uranium data (cps) from the 270 Rennebu–Innset survey.

Figure 5. (A) Original uranium cps data from the Rennebu–Innset helicopter survey (270, Håbrekke, 1983). (B) Final uranium concentrations (ppm) after editing,  
micro-levelling and calibration.



10 of 27

O. Olesen et. al                                        Towards a new radon hazard map of Norway 

The slope and intercept for each grid are shown in Table 2. The calculation of uranium equivalent  
concentration proved difficult for several of the datasets. The count rate was often within the noise level 
of the instrument. The very low concentrations values calculated in TRAS–12 and the low count rates of 
NGU surveys made the regression calculation uncertain. Several attempts were made, and a best-fit grid 
was produced using the coefficient from survey 280.  

Survey  
Number Survey Name Year

Slope
ppm/cps

Intercept  
ppm

Grid shift eU 
ppm

212 Grong, Harran 1988 0.13862 -0.54648 -0.02

270 Rennebu, Innset 1983 0.3708 4.4427 negligible

278 Steinkjer 1986 0.018252 1.2436 0.03

280
Andorsjøen Grong

Snåsavatnet
Snåsa, Overhalla

1990

0.19758 -0.23834 0.02

0.082348 -0.29926 0.01

0.10181 0.82783 0.01

0.020547 1.0229 -0.01

281 Meråker, Flornes 1991 0.0229 1.0061 negligible

282 Stiklestad 1991 0.04473 0.53630 0.11

283 Verran, Holden, Åfjord 1992 0.13862 -0.54648 negligible

289 Røyrvik, Skorovatn 1993/94 0.3708 4.4427 negligible

0.018252 1.2436 -0.06

311 Vuku 1992 0.19758 -0.23834 negligible

00335 Trøndelag Region Airborne 
Survey (TRAS)

2012-14 0.00

697 Steinkjer 2015 negligible

685 Trøndelag 2015 negligible

Table 2. Linear regression results for cps–ppm conversion and grid knitting shifts.

Equivalent uranium map of the Trøndelag area 

Grids were merged using the Oasis Montaj Grid Knitting tool (Geosoft, 2010). This procedure  
generally provides a good control for levelling, but as most of the overlap is at low uranium  
concentrations the majority of data points are in the lower end of the cps scale where the Geometrics  
GR–820 spectrometer instrument is less sensitive and thus less accurate. In the merging process,  
a small shift is introduced to match the grids. Shifts have been calculated according to:

     Shift = Ecomp  - EXXX                             (3)

where E is the element grid (uranium in our case), comp is the compilation and XXX the survey number. 
The average shift within any one grid is recorded in Table 2.

The shifts of the various grids after the knitting process are much lower than the resolution of the data 
themselves. The final, merged grid shows a smooth transition between the individual survey areas with 
no major artefacts. The level of the reprocessed grids was very consistent from one to another.
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A uranium (eU) grid (Fig. 6) with a cell size of 50 x 50 m from the study area is the product of the  
reprocessing and grid merging process.

Flight altitude is an important operational variable because gamma rays are attenuated by air, which 
must be corrected for. We have experienced that spectrometric data obtained at altitudes greater than 
250 m will be of little value because of low counts. Thus, data from flight altitudes greater than 250 
m have been masked. One should also bear in mind that the uranium grid map is based on radiation 
from both exposed bedrock and Quaternary deposits. Some Quaternary deposits consist of radioactive 
material while others, like clays, will shield natural radiation from bedrock. It is possible to distinguish 
radiation from Quaternary deposits and bedrock outcrops, however, the precision of such a distinction 
is dependent on the resolution of the Quaternary deposit map. 

Figure 6. Uranium map of Trøndelag county (ppm) from airborne data. Modified from Lauritsen et al. (2018)
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Whole-rock geochemistry and ground gamma radiation 
measurements

The LITO project, initiated in 1999, aimed at mapping chemical compositions and petrophysical  
characteristics of all mapped bedrock units in Norway. The country was divided into a grid of 9 x 9 km 
squares to ensure good geographic coverage and sampling of lithologies representative of units on the 
national, 1:250,000-scale geological maps was carried out along roads accessible with a truck-size drill 
rig, with one sample collected per 9 x 9 km square. The sample consists of a 3 m-long drill core to ensure 
fresh, unweathered bedrock. Chemical analyses of the samples were carried out at NGU’s laboratory to 
determine whole-rock major- and trace elements, including uranium, by XRF and inductively coupled 
plasma mass spectrometry (LA–ICP–MS) techniques. The sampling along roads has the advantage of 
a coincidence with populated areas – very few people in Norway live in areas without roads. The LITO 
database can thus be used to identify sites likely to have elevated radon concentrations. Fig. 7A shows 
the uranium concentrations for the 486 LITO samples covering Trøndelag.

Lindahl et al. (1996) covered c. 70% of mainland Norway with gamma-ray measurements on bedrock 
along roads from 1975 to 1992 and produced a collocation of county maps. These maps are useful as 
supplementary information when producing radon hazard maps and can be used to validate such maps. 

Fig. 8 shows the total gamma radiation map for the northern part of the Trøndelag county (Lindahl et al., 
1996). The measurements were performed with a calibrated scintillometer and the values are presented 
as pulses per second (i/s), referred to as Saphymo SRAT No. 1, 1976. Interpolation between the roads 
is based on existing bedrock maps at a scale of 1:50,000 and 1:250,000. It is expected that the total  
measured radioactivity results from the decay of uranium, thorium and potassium that exist naturally in 
the bedrock. Although based on total i/s counts (thus, not related with uranium only), the map identifies 
areas that are likely to be exposed to elevated radon concentrations. 

Figure 7. (A) Uranium concentrations in ppm for the LITO samples from Trøndelag. (B) Location within the Trøndelag county of the XRF-analysed bedrock samples from 
the URANAL database with uranium content >10 ppm. Modified from Lauritsen et al. (2018).
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Based on the scintillometer total i/s counts, bedrock samples were collected from anomalous sites 
for supplementary XRF analysis. These XRF analytical results are found in the NGU URANAL database.  
The detection limit for XRF analysis was approximately 10 ppm for uranium, so there are no values  
lower than this threshold in the URANAL database. This is acceptable given that the objective of the 
XRF analyses was to trace areas of high uranium concentrations. Fig. 7B shows the location of the 41 
bedrock samples with >10 ppm uranium from the URANAL database within Trøndelag county. 

Indoor concentration measurements 

The Norwegian Radiation and Nuclear Safety Authority (DSA) has a total of 1,366 georeferenced  
indoor radon measurements (DSA, 2014) over the Trøndelag area mapped with eU (Fig. 9). They are 
from ground-floor living rooms or ground-floor bedrooms. Most measurements are concentrated  
around the towns of Trondheim and Steinkjer. In comparison, the number of indoor radon  
measurements in the Oslo Fjord survey area (120,880 measurements) is almost one hundred times 
greater than that of the Trøndelag survey area.

Figure 8. Total gamma radiation map based on scintillometer measurements along roads in the northern part of  
Trøndelag county (Lindahl et al., 1996).
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Fig. 9 shows the annual average indoor radon concentrations in the measured homes. The symbols are 
drawn in ascending order, so that symbols representing the highest radon concentrations are brought 
to the front. A major part of the Trøndelag area has no indoor radon concentration measurements.  
It is, therefore, difficult to make a reliable radon risk map for the whole county based on the available 
indoor recordings.

GIS analysis of the uranium data 
The overlapping of the airborne eU grid values (Fig. 6) with the Quaternary deposits map (Fig. 2A), 
allows splitting the equivalent uranium values into two plots, one showing the eU values exclusively  
related to bedrock outcrops (Fig. 10A), and the other showing the eU values mostly related to  
Quaternary deposits (Fig. 10B). In the latter case a contribution from bedrock may also occur  
where the shielding capacity of the deposits is low (e.g., due to low thickness, permeability and water  
content. In Fig. 10A, white-coloured areas represent water surfaces, which shield natural radiation,  
whereas grey-coloured areas indicate Quaternary deposits or bedrock outcrops with no airborne  
measurements. In Fig. 10B, pink-coloured areas indicate bedrock outcrops and white-coloured areas 
represent either water surfaces or areas with no airborne measurements.

Figure 9. Location of indoor radon measurements and respective annual average concentrations (Bq/m3) in Trøndelag 
county (DSA, 2014).
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Converting the uranium grid compilation into a radon hazard map

Uranium in bedrock, superficial deposits and soil minerals is the main natural source of radon.  
The equivalent uranium (eU) concentrations can, thus, be used as a proxy for radon concentrations in 
the near surface. The new eU map of Trøndelag covers a large part of the county as well as the most 
populated areas along the coast and in the inland valleys.

The bulk of Trøndelag county has no indoor radon concentration measurements (Lauritsen et al., 2018). 
As can be seen in Fig. 9, the available 1366 indoor radon measurements mostly cluster in two urban  
areas, Trondheim and Steinkjer, resulting in a highly unrepresentative coverage of the county as a  
whole. It is, therefore, impossible to make a reliable radon risk map for Trøndelag and other, similarly 
populated areas of Norway, based on such recordings.

A previous study in the greater Oslo Fjord area found a correlation between the eU concentrations in 
the ground and indoor radon concentration measurements and respective radon potential, in this case 
defined as the percentage of houses with average indoor radon concentrations equal to or above the 
action level of 200 Bq/m3 (Smethurst et al., 2017). The plots showed a systematic increase in radon 
potential with increasing eU concentration. Based on these correlations (Figs. 7 & 8 in Smethurst et 
al., 2017), we have used the following graduation of eU concentration in the ground and radon hazard 
when introducing a radon map for Trøndelag (Fig. 11):

>10 ppm, very high radon hazard
3–10 ppm, high radon hazard
<3 ppm, moderate to low radon hazard

Figure 10. (A) Uranium map from bedrock outcrops exclusively. (B) Uranium map on Quaternary deposits. Modified from Lauritsen et al. (2018).
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We have plotted eU concentrations in the ground vs. indoor radon concentration measurements for 
our smaller data set of the 1244 sites with coincident data (Fig. 12) and found a similar relationship. 
Extrapolation of the regression line shows that 3 ppm eU represents 100.9 Bq/m3 and 7 ppm eU  
represents 196.3 Bq/m3.

Fig. 11B, C shows a segment of the eU classification map in the Grong area in northern Trøndelag.  
We applied several tools in the Arc Toolbox (ArcGIS Desktop 10.6) to improve the dataset by reducing 
its apparent high resolution and to expand the anomalous polygons for the sake of health protection.

Aggregate Tool: This tool combines polygons within a specified distance of each other into new  
polygons. It is intended for moderate-scale reduction and aggregation when one does not want  
input features to be represented individually due to the required data resolution. Aggregation will only  
happen where two polygon boundaries are within the specified aggregation distance of each other.  
In this case we set the aggregation distance at 1000 m, i.e., to make the anomalous areas more 
continuous.

Buffer Tool: This tool creates buffer polygons around input features to a specified distance. In this case 
we used the Buffer Tool to define an area within 500 m of the input anomalies. This distance represents 
twice the fixed-wing line spacing and is selected to avoid artefacts from local variation in overburden 
and bedrock geology. 

Figure 11. (A) The airborne gamma-ray eU (ppm) map of Trøndelag county graduated in three classes. The highlighted area (black frame) is shown with more detail in 
plots B & C. (B) A segment of the classification map from the Grong area. (C) The segment after aggregation (1000 m) and buffering (500 m) of anomaly classification 
polygons. Modified from Lauritsen et al. (2018).
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Figure 12. Linear regression between the eU  
concentrations in the ground vs. indoor radon  
concentration measurements for the 1244 sites with 
coincident data.

Fig. 13 shows aggregated and buffered ground concentrations of uranium and their equivalent radon 
risk potentials. Areas with no eU data are classified as ‘Uncertain or unknown risk’. In those areas we 
may use other data to identify sites that are likely to be exposed to elevated radon concentrations.  
One such dataset is the XRF analyses of U in the 3 m-long cores from the LITO project (Fig. 7A). 

Figure 13. A 4-class radon hazard map, estimated from airborne gamma-ray eU (ppm) after application of filters with 
aggregation distance of 1000 m and buffer distance of 500 m. Modified from Lauritsen et al. (2018).
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In order to cover all of Trøndelag county with estimates of radon hazard, we extended the awareness 
map in Fig. 13 to the east utilising a combination of uranium analyses from the LITO project with the 
existing bedrock maps at a scale of 1:250,000 (Fig. 36 in Lauritsen et al., 2018).

The uranium content was calculated as an average value within each geological unit. New radiometric 
data from helicopter measurements in 2019 (Ofstad et al., 2021; Wang et al., 2021) showed, however,  
a discrepancy between the obtained eU grid and the extrapolation of the LITO analyses using the  
existing bedrock maps. Thus, when producing a new radon hazard map utilising the LITO data, it is 
important to note that such spot data cannot be extrapolated over long distances. The population 
in Norway is, however, located along roads where LITO data exist. We therefore suggest that remote  
areas without airborne radiometric measurements are left undefined in such a new and improved radon  
hazard map. We have consequently masked areas as undefined when located more than 10 km away 
from LITO observations. The final map is shown in Fig. 14A.

Figure 14. (A) Proposed radon hazard map for the Trøndelag county test area. The map is based on uranium from airborne radiometric data and uranium average 
concentrations in bedrock units (LITO data). (B) Published radon hazard map based on indoor radon measurements and bedrock maps, Trøndelag, (Smethurst et. al., 
2014; Watson et al., 2017 http://geo.ngu.no/kart/radon).
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Discussion
There is some similarity in the regional uranium patterns in maps based on radiometric measurements 
over exposed bedrock and measurements over Quaternary overburden (Fig. 10A, B). For example,  
the anomalously eU-rich areas to the north (Vikna and Namdalen) are visible on both maps. However, 
as expected, the Quaternary deposit eU map shows a more smoothed pattern. 

The most permeable Quaternary overburden consists of glacio-fluvial deposits (sand and gravel), while 
marine deposits (clay and silt) are the least permeable. Smethurst et al. (2008) did not find a good  
correlation between overburden permeability and annual average indoor radon concentrations over 
200 Bq/m3 in homes. The reason for this may be occurrences where the Quaternary fill of valleys in the 
Oslo Fjord region, as well as in Trøndelag, consists of alluvial and glacio-fluvial sediments deposited on 
top of older clay and till. This explanation is supported by drilling, refraction seismic profiling and gravity 
interpretations that show Quaternary fill in the valleys of Orkdalen, Gauldalen, Stjørdalen and Verdalen 
with thicknesses on the order of 100–300 m (Sindre, 1980; Tønnesen, 1991, 1992, 1993, 1996; Hansen 
et al., 2007; Solberg, et al. 2014; Tassis et al., 2014, 2016). The valley fill is dominated by thick, marine 
deposits, which in some places are overlain by fluvial sediments. This stratigraphy also seems to be 
common for other valleys in Norway (e.g., Tønnesen, 1978; Corner, 2006; Eilertsen et al., 2006; Hansen 
et al., 2007). We have, therefore, not treated the calculated eU content in overburden differently from 
eU in bedrock when calculating a radon hazard map. This is a different conclusion than the one reached 
by Smethurst et al. (2008), who made the general assumption that all high-permeability superficial 
deposits of significant thickness and lateral continuity in the greater Oslo Fjord region constitute a high 
radon hazard.

Compared to the current national radon hazard map (Fig. 14B) (Smethurst et al., 2014; Watson et 
al., 2017), which is based on existing bedrock maps (see Fig. 2B and http://geo.ngu.no/kart/radon/),  
the new radon map presented here is based not only on the bedrock maps themselves but more  
directly on measurements and analyses, which avoids issues related to regional bedrock maps that may 
locally be inaccurate. 

Several areas appear different in the two maps. For example, the islands of Frøya and Hitra are  
defined as ’moderate to low’ in the new map, in contrast to ’high‘ in the previously published map. 
Areas of more concern are those defined as ‘moderate to low risk’ on the current radon hazard map, 
but where new data reveal high uranium contents. For example, on the Vikna islands and the adjacent 
mainland area (Fig. 7), the whole-rock chemical analyses in the LITO and URANAL databases reveal  
high uranium concentrations and one of the few indoor radon measurements in the area reveals 
a similar anomalously high value (Fig. 9) Other, similar discrepancies are observed on the Fosen  
peninsula. It is also worth mentioning that discrepancies between the current radon hazard map and  
airborne eU maps have been observed in other parts of the country, namely in southern and northern  
Norway (Watson et al., 2017; Dumais et al., 2015; Nasuti et al., 2015. Overestimating the risk may have  
economic consequences in the form of investing in unnecessary protection, while underestimating the 
risk is much more serious and may potentially have fatal consequences.

The main strengths of the proposed radon hazard map, as compared to the current version (Smethurst 
et al., 2014; Watson et al., 2017), are threefold. First, the applied bedrock map for extrapolation is 
now better constrained (e.g., shown by Gasser (2021) for parts of the Trøndelag county). Secondly, 
the current radon hazard map is exclusively built on extrapolation from indoor measurements mainly 
restricted to the urban areas of Trondheim and Steinkjer; this map may provide a good representation 
of these urban areas, but not the county as a whole (Fig. 9) and will fail in detecting unsampled, high 
radon areas. Finally, the radon hazard map proposed here takes into consideration the variability of 
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the uranium content in gneisses, granitoids and metasedimentary rocks as revealed by both airborne 
and laboratory measurements (Slagstad, 2008); the uranium content in 486 samples from the exposed  
bedrock has proven useful to confirm the eU map and in building the derived radon hazard map,  
especially in rural coastal areas where none to very thin Quaternary overburden exist (Figs. 2A & 10A). 

These strengths also increase the chances of detecting several radon ‘hot spots’, which are missing in the 
current radon hazard map (Fig. 14B), making the new map more reliable than the current one especially 
with respect to detection of radon hazard in rural areas. It is also clear that the total gamma radiation 
map (Fig. 8) compiled by Lindahl et al. (1996) has a greater resemblance to the new map (Fig. 14A) than 
the existing map (Fig. 14B). It is further worth noting that a much smaller part of the densely populated 
areas along the southern shore of the Trondheim Fjord is defined ‘Uncertain or unknown risk’ on the 
new map (Fig. 14).

The previous studies in the greater Oslo Fjord area (Smethurst et al., 2017) showed that the eU model 
can account for approximately 70% of the variation in RP200 (percentage of radon values equal to or 
above 200 Bq/m3; DSA, 2014), while the geology-only model accounted for around 40% of the variation 
in RP200. Our results agree with these findings and the airborne gamma ray eU data allow increased 
resolution better predicted radon potential across Trøndelag county. We think that the same conclusion 
will apply to the rest of Norway.

Smethurst et al. (2017) stated that indoor measurement programmes targeting areas of potentially high 
radon hazard could be as much as six times more efficient at identifying ground-floor living spaces above 
the radon action level compared with surveys based on a random sampling strategy. This interpretation 
supports our conclusion that improved radon hazard maps should be based on actual measurements 
and not long-distance extrapolations of indoor measurements utilising existing bedrock maps. 

Ferreira et al. (2018) concluded that indoor radon variations in southwest England were best  
explained by a combination of topsoil geochemistry, bedrock geology and airborne gamma-ray  
spectroscopy (explaining c. 47% of the variation). This outcome may be the result of more detailed  
bedrock maps in this area compared to Mid-Norway, that is partially covered by regional mapping 
at a scale of 1:250,000. A detailed remapping of the area is, however, in progress (cf., Gasser, 2021).  
Southwest England is further located outside the maximum extent of the Quaternary inland ice.  
The topsoil is consequently of mostly local origin compared to the topsoil in Fennoscandia that to a 
large extent consists of ice-transported material. Rueslåtten et al. (2019) further concluded that the 
till in northern Trøndelag contains c. 50% regolith and c. 50% mechanically decomposed fresh bedrock.  
A supplementary explanation for the increased quartz content in the till compared to fresh bedrock 
may be out-washing of fine material during melting of the inland ice. We will, however, not rule out the 
possibility that the uranium data from chemical analyses of mineral soil in Trøndelag (Finne et al., 2014; 
Flem et al., 2020) can add constraints to a radon awareness map in the till-covered inland areas with 
missing radiometric and whole-rock chemical data. Such geochemical data of topsoil have also been 
produced for northern Norway.

The Geological Survey of Finland (GTK) conducted a systematic programme of high-resolution, low- 
altitude airborne geophysical mapping of the entire country between 1972 and 2007, using a ‘3-in-1’ 
approach (magnetic, electromagnetic and radiometric data; Airo, 2005; Moore, 2008). The Geological 
Survey of Sweden is about to complete a similar survey covering Sweden. NGU has, within the frame of 
the Coop project, compiled both new and existing radiometric surveys along the coast from Kragerø in 
southeastern Norway to Brønnøysund in northern Norway (Fig. 1). The survey area has a population of c. 
1.5 million, constituting approximately 30% of the Norwegian population. NGU has, in addition, carried 
out helicopter-borne and fixed-wing radiometric surveys as part of the state-funded mineral exploration 
programmes in northern and southern Norway during the last decade (MINN and MINS, Nasuti et al. 
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(2015) and Baranwal (2015), respectively (Fig. 1)), but Norway still has a long way to go before having a 
coverage comparable to that of Sweden and Finland. A total of c. 50% of Norway’s land area and c. 70% 
of the population are presently covered with airborne radiometry. We recommend that the Geological 
Survey of Norway establishes a mapping plan with the aim to systematically cover the remaining tracts 
of Norway with high-resolution airborne geophysical data. Such data have a wide range of applications 
such as exploration for mineral deposits, building materials and deep geothermal energy, radon hazard 
and caesium fallout mapping and tunnel awareness maps, in addition to improved and more efficient 
bedrock and Quaternary overburden mapping. 

Conclusions
A new radon hazard map for Trøndelag county based on the Coop eU compilation and whole-rock 
chemical analysis of uranium (LITO database) is proposed. Other radiometric and uranium analyses, in 
addition to the indoor radon measurements, have been used to validate the new radon hazard map. 

The new map allows us to identify areas which may have elevated radon concentrations originating 
from bedrock where we do not have airborne eU mapping. We recommend producing a new, national 
radon hazard map with the procedure outlined in the present report. 

We have shown that the existing radon hazard map for Trøndelag lacks resolution, missing the  
detection of many possible high radon areas. This is likely to be the case for many other areas of Norway 
and thus an improved radon map should be produced for the whole country. 

The currently available radon map for Norway is likely to fail in the detection of many high radon areas 
due to few indoor measurements in the rural areas and the locally poorly constrained bedrock maps 
that are applied for extrapolation of these few measurements. We further suggest that areas with  
outcropping bedrock and Quaternary deposits are treated identically in the production of the new 
radon hazard map. 

We also suggest that remote areas without airborne radiometric measurements, whole-rock chemical 
data or indoor radon measurements be left undefined on a new radon hazard map. They should not 
be filled in with extrapolated data from measurements obtained far away. Chemical uranium analyses 
of till should, however, be considered as constraints to the radon awareness map in till-covered inland 
areas with missing radiometric and whole-rock chemical data.
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