
lable at ScienceDirect

Journal of Environmental Radioactivity 162-163 (2016) 23e32
Contents lists avai
Journal of Environmental Radioactivity

journal homepage: www.elsevier .com/locate/ jenvrad
Outdoor thoron and progeny in a thorium rich area with old
decommissioned mines and waste rock

Hallvard Haanes a, b, *, Ingvild E. Finne a, Trine Kolstad a, Alexander Mauring a,
Sven Dahlgren c, Anne Liv Rudjord a

a Norwegian Radiation Protection Authority, P.O. Box 55, 1332 Østerås, Norway
b Centre for Environmental Radioactivity (CERAD CoE), P.O. Box 5003, NO-1432 Ås, Norway
c Buskerud Telemark Vestfold County Councils, Fylkeshuset, P.O. 2163, NO-3103 Tønsberg, Norway
a r t i c l e i n f o

Article history:
Received 22 December 2015
Received in revised form
29 April 2016
Accepted 9 May 2016

Keywords:
Outdoor thoron
Outdoor thoron progeny
Outdoor radon
Alpha track detectors
Decommissioned mines
Waste rock
* Corresponding author. Norwegian Radiation Prot
1332 Østerås, Norway.

E-mail address: Hallvard.Haanes@nrpa.no (H. Haa

http://dx.doi.org/10.1016/j.jenvrad.2016.05.005
0265-931X/© 2016 Elsevier Ltd. All rights reserved.
a b s t r a c t

Radon (222Rn), thoron (220Rn) and their decay products may reach high levels in areas of high natural
background radiation, with increased risk associated with mining areas. Historically, the focus has mostly
been placed upon radon and progeny (RnP), but recently there have been reports of significant contri-
butions to dose from thoron progeny (TnP). However, few direct measurements of TnP exist under
outdoor conditions. Therefore, we assessed the outdoor activity concentrations of radon, thoron and TnP
in an area of igneous bedrock with extreme levels of radionuclides in the thorium decay series. The area
is characterized by decommissioned mines and waste rock deposits, which provide a large surface area
for radon and thoron emanation and high porosity enhancing exhalation. Extreme levels of thorium and
thoron have previously been reported from this area and to improve dose rate estimates we also
measured TnP using filter sampling and time-integrating alpha track detectors. We found high to
extreme levels of thoron and TnP and the associated dose rates relevant for inhalation were up to 8
mSvh�1 at 100 cm height. Taking gamma irradiation and RnP into account, significant combined doses
may result from occupancies in this area. This applies to recreational use of the area and especially
previous and planned road-works, which in the worst case could involve doses as large as 23.4 mSv y�1.
However, radon and thoron levels were much more intense on a hot September day than during time-
integrated measurements made the subsequent colder and wetter month, especially along the ground.
This may be explained by cold air observed flowing out from inside the mines through a drainage pipe
adjacent to the measurement stations. During warm periods, activity concentrations may therefore be
due to both local exhalation from the ground and air ventilating from the mines. However, a substantially
lower level of TnP was measured on the September day using filter sampling, as compared to what was
measured with time-integrative alpha track detectors. A possible explanation could be reduced filter
efficiency related to the attached progeny of some aerosol sizes, but a more likely cause is an upwards
bias on TnP detectors associated with assumed deposition velocity, which may be different in outdoor
conditions with wind or a larger fraction of unattached progeny. There is thus a need for better
instrumentation when dealing with outdoor TnP.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The radioactive gases radon (222Rn) and thoron (220Rn), and
especially their short-lived decay products, which deposit within
the human respiratory tract, are the biggest contributors to the
ection Authority, P.O. Box 55,

nes).
dose received by the public from natural sources of radiation
(UNSCEAR, 2000). These gases originate from primordial radionu-
clides (238U and 232Th), which are present in most terrestrial ma-
terial and can attain very high concentrations in certain igneous
and sedimentary rock. In areas with higher natural background
radiation there is thus an additional risk of exposure to radioactive
gases (Aliyu and Ramli, 2015; Sohrabi, 2013). Mining activities in
such bedrock are associatedwith radiological issues. The health risk
of radon and radon progeny (RnP) to uraniumminers has beenwell
documented (BEIR-VI, 1999; Jacobi, 1994) and the amounts released
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Fig. 1. Map of sampling area showing the sampled drainage pipe protruding from a
closed mine (marked o) and the nine other sampling localities (marked X’s).
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through ventilation of mines and fromwaste rock piles can be large
(Jha et al., 2001; Mudd, 2008). One such area of igneous bedrock
with extreme levels of thorium (232Th), old decommissionedmines,
deposits of waste rock and extreme thoron exhalation is the Fen
complex in southern Norway (Popic et al., 2012; Stranden, 1984,
1985a, b).

Historically, the focus has been placed upon radon, as the dose
contribution from short-lived thoron and thoron progeny (TnP) was
assumed, except at very high concentrations, to be so small that it
could be disregarded (BEIR-VI, 1999; UNSCEAR, 1993). However,
non-negligible activity concentrations and doses of thoron and TnP
have been reported (Mayya et al., 2012; Schery, 1990; Steinh€ausler,
1996) and recent research verifies that TnP deposited in the res-
piratory tract contribute significantly to dose (Ishikawa et al., 2007;
Kranrod et al., 2010; Nikezic et al., 2010). Furthermore, due to its
short half-life, the concentration of thoron is highly dependent on
the distance from the source, and concentrations of the gas and its
decay products at any particular location, indoor or outdoor, may
not be closely related (Meisenberg and Tschiersch, 2011; UNSCEAR,
2000, 2006). Thoron equilibrium factors (F) therefore involve large
uncertainties and measurements of thoron gas concentration are
not suitable for dose assessment purposes (UNSCEAR, 2000, 2006).
Dose assessment should rather be based on direct measurements of
TnP (Bangotra et al., 2015; Janik et al., 2013; Mayya et al., 2012;
Mishra and Mayya, 2008).

The Fen complex is the sub-circular (4e5 km2) remains of the
plumbing system of a deeply eroded volcano (Brøgger, 1921),
which was active 580 million years ago in the Neoproterozoic
(Dahlgren and Corfu in prep). Located near the village of Ulefoss in
Telemark, southern Norway, the complex consists of many
different rare rock types including the carbonatites søvite (Ca-
rich), rauhaugite (Ca-Fe-rich) and “redrock” (Fe-rich) (Brøgger,
1921). High thorium concentrations are characteristic of rauhau-
gites and particularly “redrock” (Dahlgren, 1983; Heincke et al.,
2008). The high thorium content of rauhaugite originated
through magmatic processes, whereas post-magmatic hydrother-
mal processes transformed the rauhaugites to “redrock” causing a
further enrichment of iron and thorium (Andersen, 1984, 1986).
The rauhaugites and “redrock” occupy the eastern part of the Fen
complex (Brøgger, 1921). Most of the complex is covered by Ho-
locene marine clay deposits up to several meters in thickness
(Dahlgren, 1983), except an area in the eastern part consisting of a
hill (“The Mining Hill”) and an adjacent lakeshore. Here, extensive
iron ore mining took place from the 1650s to the 1930s and the
hill is penetrated by numerous mine shafts and adits (Vogt, 1918).
Inside these mines the levels of gamma radiation, thorium (232Th),
thoron and TnP are extremely high (Stranden, 1984, 1985a, b).
Within the decommissioned mining area, waste rock deposits of
variable size (up to several meters thick) are abundant, consisting
of angular thorium-rich rock fragments from fist- to football size.
The largest deposit is relatively continuous, sparsely covered and
located on the shore of Lake Norsjø in the Fen Bay where the iron
ore processing plant and shipping facility were once situated. The
deposited waste rocks provide a large surface area for emanation
and the abundance of cavities and open spaces may enhance the
transport and exhalation of radon and thoron. The area has high
levels of gamma radiation and thoron exhalation (Popic et al.,
2011, 2012; Stranden, 1985a). In spring, summer and autumn the
lakeshore area is used for camping, fishing, hunting and
sunbathing. Calculated dose rates and doses for this area have
been based mainly on measurements of gamma radiation and
outdoor radon and thoron concentrations (Popic et al., 2012). We
also wanted to assess the outdoor concentrations of TnP in this
area, due to its significant contribution to dose. We therefore
performed in situ measurements of external gamma radiation,
radon and thoron concentrations, filter sampling of TnP, and
passive integrated alpha track detector measurements of radon,
thoron and TnP.
2. Methods

2.1. In situ measurements and filter sampling

On September 3rd, 2014, in situ measurements of gamma ra-
diation, radon and thoron, togetherwith air-samples on filters were
taken at the lakeshore area of Fen Bay containing old iron-mine
waste rock (59.2770�N, 9.3050�E). These measurements were
made at 20 cm height at nine measurement stations as well as at
the opening of a drainage pipe protruding from a closed mine and
at 100 cm height at the five most eastern measurement stations
(Fig. 1). Passive alpha track detectors were also deployed at each of
the nine measurement stations (see Chapter 2.2). For each type of
measurement, we calculated arithmetic mean and standard error
(SE¼ s/(√n); s estimated by standard deviation, n is the number of
observations) among localities and heights.

A Gamma Surveyor II (GF instruments) gamma spectrometer
was used to assess the gamma dose rate (mSv h�1) and concentra-
tions of thorium and uranium (ppm) in the ground. It is a 1024-
channel handheld spectrometer with a Bismuth Germanate Oxide
detector (1.2 in3). The instrument is factory calibrated using stan-
dards according to International Atomic Energy Agency (IAEA)
recommendations, including separate calibrations with and
without a collimator. Measurements were made with a lead colli-
mator to shield against radiation coming from directions other than
perpendicular to the ground. According to the technical specifica-
tions, the measurement uncertainty for the spectrometer is 16% for
232Th when measuring for 3 min at low activity concentrations
(www.gfinstruments.cz). Due to the high environmental concen-
trations and the use of longer measurement periods (5 min), un-
certainties related to counting statistics were reduced, but
measurements may also be biased due to deviations from the
calibration geometry. Activity concentrations are reported in the
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Fig. 2. Three wooden shelters mounted on a tree facing westwards, each housing a
pair of radon-thoron detectors (black) and one thoron progeny detector (metal plate).
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text, as one ppm uranium is equivalent to 12.3 Bq kg�1 of 238U and
one ppm thorium is equivalent to 4.1 Bq kg�1 of 232Th.

Thoron and radon activity concentrations (Bq m�3) in the air
were, together with ambient temperature, recordedwith a portable
semi-conductor instrument, Sarad RTM 1688-2 (Sarad GmbH). The
instrument had been calibrated a few weeks earlier by the manu-
facturer against a reference instrument, which itself is annually re-
calibratedwith national standards at Bubdesamt für Strahlenschutz
(Bfs, Germany). At equilibrium inside the chamber, concentrations
of 216Po and 218Po are proportional to those of thoron and radon,
respectively. For thoron, this occurs immediately since the half-life
of 216Po is less than 1 s, while for radon it takes longer because of
the 181 s half-life of 218Po. Due to the number of measurement
stations and the available time, only one or two sampling cycles of
5 min were allowed. More than half of the radon measurements
were thus below the limit of detection. Measurement uncertainties
recorded by this instrument have ranged from 20% to 65% for radon
activity concentrations between 650 Bq m�3 and 1500 Bq m�3, and
from 5% to 50% for thoron activity concentrations between
30,000 Bq m�3 and 300 Bq m�3.

TnP was sampled on 47 mm diameter Gelman A/E glass fiber
filters using a portable suction pump, Lilliput, calibrated using a
KYT€OL€A Oy, C-4BH rotameter (Senya Oy, Finland). It records air
volume passing across the filter so activity concentrations can be
estimated per volume of air. We sampled 1.0 m3e1.5 m3 of air
volume per sample at flow rates of 77e92 L per minute. After
sampling, each filter was carefully removed and kept in separate
boxes through all subsequent analyses. Gamma-ray spectrometry
using HPGe detectors was used to measure the air filter samples, as
this is a non-destructive, fast and accurate method. Within 24 h of
sampling, filter samples were placed on a low background HPGe
detector and counted for a time period long enough to record a
sufficient number of counts in the gamma-peak of 212Pb at
238.6 keV. Counting times ranged from 10 min to 90 min,
depending on the activity level of the sample and detector effi-
ciency. The 238.6 keV peak was chosen for activity calculations as it
is the strongest peak among thoron progeny, and it is not signifi-
cantly affected by true coincidence summing effects or any signif-
icant interferences. When calculating the activity, corrections were
applied for radioactive decay occurring in the time period between
sampling and counting, as well as for decay during the counting
period using a half-life of 10.64 h. All detectors used to measure
filter activity concentrations are calibrated using reference solu-
tions traceable to a primary standard. Counting efficiencies were
determined using mathematical calibration methods. For each
result, the standard measurement uncertainty was computed in
accordance with the GUM standard (JCGM 100, 2008). The com-
bined standard uncertainty of these measurements, including Type
A and Type B uncertainty components, was 10e12% at the 1s level;
i.e. quite low compared to the expected variation in the activity
concentrations.

2.2. Integrated alpha track detector measurements

For time-integrated measurements of radon, thoron and TnP in
air, we used a set of three different types of alpha track detectors.
These were put at each of three different heights (20, 100 and
170 cm) at each of the nine measuring stations along the lakeshore
area (n ¼ 27 per detector type) and were sheltered by a wooden
roof mounted on a tree (Fig. 2). All detectors were recovered after
35 days (September 3 to October 8, 2014). The radon and thoron
detectors, Radtrack2 CR-39, were provided and analysed by Lan-
dauer Nordic AB, a participant in relevant international laboratory
inter-comparisons (Janik and Yonehara, 2014). These detectors
come as a pair; one detector is designed to let thoron and radon
diffuse into the chamber while the other only admits radon gas.
After exposure, the difference in track density between the two
detectors can be used to calculate the mean thoron concentration
over the exposure time. The measurement uncertainties (one
standard deviation, SD) reported by Landauer, were within the
range of 7e16% for radon and 7e10% for thoron. The TnP detectors
were provided by Landauer, but developed at the National Institute
of Radiological Sciences (NIRS, Japan), where the deposition rate
has been laboratory-calibrated (indoors) against airborne TnP
concentrations (Zhuo and Iida, 2000). These detectors record alpha
particles only from 212Po as an aluminized Mylar film excludes
other contributions of lower energy. By taking into account the
decay of other progeny the deposition rate of TnP progeny is
measured. The measurement uncertainties of TnP detectors re-
ported from NIRS (1 SD) were in the range of 14e42%.
2.3. Weather data

To assess the impact of weather conditions during in situ and
integrated measurements, data were downloaded from the climate
database of the Norwegian Meteorological Institute (eKlima) for
the nearby weather station at Gvarv (St.no ¼ 32060). We thus ob-
tained data on temperature, precipitation, wind speed and direc-
tion for the relevant hours on September 3 and for the 35
subsequent days. Wind speed and direction were summarized in a
wind rose in the “openair” R package.
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3. Results

3.1. In situ measurements and filter-sampling

External gamma radiation was significantly higher than back-
ground levels at all of the measurement stations. When using the
shielding lead collimator, gamma radiation instrument readings1 at
20 cm height varied from 1.32 mSv h�1 to 2.21 mSv h�1

(mean ¼ 1.73 mSv h�1, SE ¼ 0.08)1, and the associated activity
concentration of 232Th; 1960e3290 Bq kg�1 (mean ¼ 2570 Bq kg�1,
SE ¼ 120) in the ground was substantially higher than that of 238U;
231e410 Bq kg�1 (mean ¼ 310 Bq kg�1, SE ¼ 20). The 238U/232Th
ratio was however relatively constant (2 [0.09, 0.14]), with low
variation and a close correlation (Fig. 3, r ¼ 0.83, p < 0.01). This
indicates a relatively homogenous composition of minerals in the
waste rock and the ground. Gamma radiation instrument readings
at 100 cm height varied from 0.99 mSv h�1 to 1.73 mSv h�1

(mean¼ 1.30 mSv h�1, SE¼ 0.10), involving an average factor of 0.61
(SE ¼ 0.02) reduction compared to at 20 cm height.

In situ measurements showed high to extreme levels of thoron
along the ground (Table 1), with average activity concentrations of
16,400 Bq m�3 (SE ¼ 3800) at 20 cm, and 830 Bq m�3 (SE ¼ 230) at
100 cm. Due to the short counting time, radon measurements fell
mostly below detectable levels, but when measureable, levels were
relatively high (Table 1, 20 cm; mean ¼ 1600 Bq m�3, SE ¼ 370).
Measurements of filter-sampled 212Pb were quite variable with
means of 18 Bq m�3 (SE ¼ 9) at 20 cm and 5 Bq m�3 (SE ¼ 0.4) at
100 cm. Statistical outliers of extreme activity concentration were
recorded for thoron and 212Pb (Fig. 4) at the mine drainage pipe and
at the nearest measurement station (see Discussion). In situ-
measured thoron demonstrated a clear difference between 20 cm
and 100 cm height (Fig. 4). Due to the decay of thoron, the ratio of
Fig. 3. Correlation between activity concentration of 238U and 232Th from gamma
radiation.

1 Note that this shielded reading represents radiation originating predominantly
from the ground directly below the instrument at each point. The actual effective
dose rate for gamma radiation in the area, as measured without the collimator,
would be higher due to radiation from the nearby hillside.
212Pb/220Rn increased with height (Table 2, Fig. 5), but even when
including the two outliers, 212Pb is correlated with thoron (Fig. 6,
r ¼ 0.67, p < 0.01). Ambient recorded temperatures were 10e18 �C
and correlated well with records from the nearby weather station
(r ¼ 0.87, p < 0.01), which were somewhat higher ranging from
14 �C to 22 �C (mean ¼ 19.2, SE ¼ 0.7). There was no precipitation
on September 3 and only 0.2 mm and 0.1 mmwas recorded the two
previous days. During the last couple of hours of in situ measure-
ments the wind increased from zero to weak (3 m s�1)
southeasterly.

3.2. Integrated alpha track detector measurements

The 35 day integrated detector-measurements showed a couple
of statistical outliers and very high levels of thoron and TnP along
the ground (20 cm height) and at 100 and 170 cm height (Table 1,
Fig. 7). Compared to the in situ measurements, the integrated
measurements showed less thoron at 20 cm height
(mean ¼ 6700 Bq m�3, SE ¼ 1800), but slightly more thoron at
100 cm (mean ¼ 1400 Bq m�3, SE ¼ 130). At 170 cm the mean was
800 Bq m�3 (SE ¼ 80). Integrated measurements of radon showed
lower values compared to detectable in situ measurements, espe-
cially along the ground (Table 1, 20 cm; mean ¼ 276 Bq m�3,
SE ¼ 79, 100 cm; mean ¼ 82 Bq m�3, SE ¼ 8, 170 cm;
mean¼ 65 Bq m�3, SE ¼ 6). Considering each measurement station
separately, the average proportion of decrease in activity concen-
tration with height from 20 cm to 100 cm was; 0.59 for radon
(SE¼ 0.07), 0.73 for thoron (SE¼ 0.03) and 0.14 for TnP (SE¼ 0.08).
The corresponding decrease from 100 cm to 170 cm was 0.15 for
radon (SE ¼ 0.11), 0.41 for thoron (SE ¼ 0.03) and 0.20 for TnP
(SE ¼ 0.07).

The integrated TnP measurements showed quite large and var-
iable values, and indicated a decrease with height (Fig. 7, 20 cm;
mean ¼ 170 Bq m�3, SE ¼ 28, 100 cm; mean ¼ 120 Bq m�3, SE ¼ 11,
170 cm; mean ¼ 90 Bq m�3, SE ¼ 5). Radon, thoron and TnP con-
centrations were unambiguously highest at the 20 cm height
(Table 1, Fig. 7). With one extreme outlier measurement station
omitted (adjacent to the mine drainage pipe) linear models showed
that radon, thoron and TnP all differ among all three height cate-
gories, but that only the thoron concentrations involved any sig-
nificant difference among the localities (Suppl). The concentration
ratios of 222Rn/220Rn and TnP/220Rn were also notably lower at the
20 cm height (Table 2, Fig. 8). Linear models show that both ratios
differed between all three height categories but that only TnP/
Thoron involves any significant differences among the localities.

It is striking how much larger the integrative TnP activity con-
centrations were compared to the 212Pb sampled on filter. The
difference is large even if other TnP than 212Pb are accounted for on
the filter samples. The concentration ratio of TnP/Thoron 2 [0.019,
0.153] for integrated measurements is thus not even overlapping
with the ratio of 212Pb/220Rn2 [9� 10�5, 0.017] attained from filter
samples and in situ measurements (see Figs. 5 and 8). Moreover, a
much closer correlation is found between integrated measure-
ments of TnP and 220Rn (Fig. 9, r ¼ 0.89, p < 0.01), than between
filter-sampled 212Pb and in situ-measured thoron.

Compared with the day of in situ measurements, temperatures
the same hours of the day during the integrated measurement
period were on average four degrees lower (mean ¼ 15.3 �C,
SE¼ 0.2). Night-time (23-07 h) temperatures during the integrative
measurements were howevermuch lower (mean¼ 9.4 �C, SE¼ 0.2)
due to large diurnal variation and a periodic decrease (Fig. 10). The
period of integrative measurements involved mostly no or low
(1e4ms�1) windwith some predominance in direction (NE, Fig. 11)
with 86.1 mm of precipitation recorded during 96 h of rainfall (of
totally 864 h).



Table 1
Activity concentration ranges (min emax Bq m�3, all with two significant figures) from point measurements on September 3 (n ¼ 10 at 20 cm and n ¼ 5 at 100 cm, but below
detection level (bdl) at 20 cm (5 times) and 100 cm (4 times) for 222Rn) and the 35 day-integrated detector measurements (n ¼ 9) for each height.

Point measurements Integrated measurements

220Rn 212Pb 222Rn 220Rn TnP 222Rn

20 cm 2500e38,000 1.8e93 bdl-2900 2900e20,000 95e390 110e890
100 cm 270e1400 4.0e5.8 bdl-1000 980e2000 83e200 38e110
170 cm 430e1100 61e110 45e100

Fig. 4. Box plots of in situ and filter-sampled measurements of activity concentrations (Bq m�3) with height.

Table 2
Radionuclide ratios (min e max) of point measurements on September 3 (n ¼ 10 at
20 cm and n ¼ 5 at 100 cm) and from the 35 day-integrated detector measurements
(n ¼ 9 per height).

Point measurements Integrated measurements

212Pb/220Rn TnP/220Rn 222Rn/220Rn

20 cm 0.0001e0.003 0.02e0.05 0.04e0.06
100 cm 0.004e0.02 0.04e0.1 0.04e0.08
170 cm 0.08e0.2 0.06e0.1

H. Haanes et al. / Journal of Environmental Radioactivity 162-163 (2016) 23e32 27
3.3. Effective dose rate estimates

Dose conversion factors for radon and thoron progeny are 9 and
40 nSv per Bqh m�3, respectively (UNSCEAR, 2000), and effective
dose rates associated with inhalation involved for the integrated
detector measurements of TnP averages of 6.9 mSv h�1 (SE ¼ 1.1) at
20 cm, 4.8 mSv h�1 (SE¼ 0.5) at 100 cm and 3.6 mSv h�1(SE¼ 0.2) at
170 cm. By comparison the corresponding values from filter-
sampled 212Pb involved averages of 0.8 mSv h�1 (SE ¼ 0.4) at
20 cm and 0.2 mSv h�1 (SE ¼ 0.1) at 100 cm, lower by a factor of
10e50 when compared to the integrative measurements. Applying
an equilibrium factor of 0.6 (UNSCEAR, 2000), average dose rates
from RnP calculated from the integrative radon measurements
were 1.5 mSv h�1 (SE ¼ 0.4) at 20 cm, 0.5 mSv h�1 (SE ¼ 0.1) at
100 cm and 0.4 mSv h�1 (SE¼ 0.1) at 170 cm. The corresponding RnP
dose rates calculated from in situ measurements at 20 cm involved
an average of 8.7 mSv h�1 (SE ¼ 2.0) while the one measurement at
100 cm involved a dose rate of 5.5 mSv h�1 (see also Table 3).
Combined dose rates for TnP, RnP, and gamma, depending onwhich
period and type of measurement that were applied, ranged be-
tween 3 and 17.9 mSv h�1 at 20 cm and between 2 and 11.6 mSv h�1

at 100 cm.



Fig. 5. Box plot of point measurements ratios of 212Pb/220Rn activity concentrations at
20 cm (n ¼ 10) and 100 cm (n ¼ 5) height.

Fig. 6. Correlation between activity concentration of in situ measured 220Rn and filter-
sampled 212Pb (both 20 and 100 cm height, the latter designated by þ).

Table 3
Dose rate-ranges (min - max mSv h�1) for point measurements on September 3 (in
situ gamma and radon progeny (RnP, by way of 222Rn and equilibrium coefficient
F¼ 0.6) and filter-sampled TnP (93% EEC-correction of 212Pb) and 35 days-integrated
measurements (TnP dose rate directly and RnP by 222Rn and F ¼ 0.6).

Point measurements Integrated
measurements

Gamma TnP RnP TnP RnP

20 cm 1.3e2.2 0.1e4.0 3.6e16 3.8e16 0.6e4.8
100 cm 1.0e1.7 0.2e0.3 5.5 3.3e7.9 0.2e0.6
170 cm 2.4e4.6 0.2e0.6
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4. Discussion

We report high to extreme levels of outdoor thoron and TnP, as
well as significant levels of radon, in an area with a high natural
background level of thorium, numerous old mine shafts and
deposited old waste rock, which is open to the public. Our results
confirm previous reports on high gamma radiation and outdoor
activity concentrations of thoron in this area (Popic et al., 2011,
2012; Stranden, 1985a). Gamma measurements (100 cm) at the
same locations without a collimator (2.2e2.7 mSv h�1, unpublished
data of T G€afvert, 2015, pers. comm. Nov, unreferenced), indicate
that the collimator reduced our measurements by about 50% or by
approximately 1.5 mSv h�1. For thoron and radon, our integrated
measurements at the 100 cm height were on the same order as
previous integrated measurements in this area at the same height
(Popic et al., 2012; 770e5000 Bqm�3). These levels are very high in
comparison with the typical global outdoor levels of radon and
thoron, which are each of the order 10 Bq m�3 (UNSCEAR, 2000,
2006). However, extreme levels of thoron and radon were recor-
ded along the ground (20 cm). This may be explained by the high
thorium concentrations and the large surface area and porosity
provided by the deposits of waste rock frommining. Due to its short
half-life, thoron mainly escapes solids by recoil, and emanation is
proportional to available surface area (Porstend€orfer, 1994). More-
over, the rates of radon and thoron migration through the ground
(diffusion and convection), as well as their exhalation rates, in-
crease when porosity increases (Lawrence, 2006; Shweikani et al.,
1995; Tanner, 1980). Considering its short half-life and the
observed extreme levels of thoron in this area, emanation must be
high and migration through the ground must be fast. The ground is
in places sparsely covered by soil and vegetation, and movement
through the ground probably involves fast convection, which may
explain the high levels of both thoron and radon (too fast convec-
tion for much thoron decay). Old waste rock deposits thus probably
contribute significantly to exhalation. However, air ventilated from
the mines is also a potential source of radon, thoron and their
progeny.

The reported RnP calculated from 222Rn and the direct mea-
surements of TnP activity concentrations are relevant for inhalation
dose rates. Compared to the extreme levels along the ground, both
radon and thoron gas decrease with height by dilution, while
thoron also decreases due to rapid decay forming TnP (Figs. 4e8).
For dose calculations, directly measured TnP activity concentra-
tions should be used rather than measured thoron concentrations
multiplied with an equilibrium factor (Mishra et al., 2010;
UNSCEAR, 2000). The TnP activity concentrations measured with
alpha track detectors were quite high within this old mining area,
ranging from 60 Bq m�3 to 200 Bq m�3 with 25 and 75 percentiles
of 85 and 120 Bq m�3 at heights relevant for inhalation when
walking or standing (100 and 170 cm). At 20 cm height, relevant for
sitting or lying down, the 25 and 75 percentiles were 145 and
180 Bq m�3 and one outlier exceeded 200 Bq m�3 (Fig. 7).
Compared with other publications on direct TnP measurements
outdoors (Baciu, 2005; Zhang et al., 2008), our measurements
exceed these by more than a factor of 100, as well as being more
than a factor of 10e40 greater than some dwellings maxima (Gierl
et al., 2014; Janik et al., 2013). Measurements of TnP within the old
mines in the area show a 2.7 working level (Stranden, 1985a),
which, with a conversion factor of 3.64 � 10�3 (UNSCEAR, 2000,
2006), corresponds to a TnP activity concentration of 280 Bq m�3.
This figure is only slightly larger than most of our 20 cm mea-
surements. There was only a weak, though significant, decrease in
TnP activity concentrations with height, and dose rates from TnP
were also quite high at 100 and 170 cm height. The contribution of
TnP to the combined dose rate is thus significant at all three



Fig. 7. Box plot of time-integrated measurements of activity concentrations (Bq m�3) with height (n ¼ 9 per height and detector type).

Fig. 8. Box plot of ratios 222Rn/220Rn and TnP/220Rn activity concentrations as
measured with alpha track detectors (n ¼ 9 per height and detector type).

Fig. 9. Integrative TnP and thoron activity concentrations per measuring station (20,
100 and 170 cm height designated by o, þ, and -, respectively).
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investigated heights. This is relevant for human inhalation and
poses a concern for the recreational use of this area, especially for



Fig. 10. Diurnal hourly temperature recordings for the 35 days of integrative
measurement.

Fig. 11. Wind roses for period of integrated measurements Sept 3 until Oct 10, 2014.
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occupancies associated with previous and planned road-works.
RnP dose rates were equally high when calculated from in situ
measurements of radon, but werewhen calculated from integrative
measurements by comparison significantly lower at the 20 cm
height, with a substantial decrease from 20 cm to 100 cm height.
Combining the highest estimated dose rates from TnP, RnP and
external gamma radiation, assuming no seasonal variation, recre-
ational use of the area (1 m height) with occupancies of 100 and
200 h would result in associated doses of 1.3 and 2.6 mSv y�1. By
comparison, road-works at the site with 8 h work-days would give
23.4 mSv y�1.
However, the extreme levels of thoron and radon along the
ground (20 cm) during the in situmeasurements weremuch higher
than those obtained from the integrative measurements. As
emanation and exhalation are affected by moisture and tempera-
ture, this may, at least partially, be explained by the different
weather conditions during these measurement periods. Pore-water
may trap emanating radon and thoron, and because of these gases’
slower diffusion through water than through air, high soil moisture
content may reduce or prevent exhalation, especially for short lived
thoron (Lawrence, 2006; Shweikani et al., 1995; Tanner, 1980). By
affecting adsorption and moisture, temperature has a positive ef-
fect on emanation and exhalation (Iskandar et al., 2004; Stranden
et al., 1984; Tanner, 1980). The large and frequent amount of pre-
cipitation may in combination with lower night time temperatures
thus have affected exhalation during the integrative measurement
period, as compared to exhalation during the warmer and drier
conditions prior to and during the in situ measurements. An
alternative or additional explanation for the differing results may
be the impact of air flowing out of the mines.

Observed thoron activity concentrations were extreme
(>20,000 Bq m�3) at several measurement stations at 20 cm height
during the in situmeasurements as well as at one station during the
integrative measurements. Corresponding extreme measurements
have to our knowledge only been made within a thorium pro-
cessing plant (18,000 Bq m�3; (Ramachandran et al., 1987)). Inter-
estingly, the most extreme in situ thoron measurement
(38,000 Bq m�3) was the one taken at the opening of the drainage
pipe protruding from a closed mine (not measured by track de-
tectors). The most extreme integrative measurement was taken at
the station closest to the drainage pipe and this station also had the
outlier values for radon and TnP at 20 cm height. The in situ
measurements were made during a relatively warm day and we
observed a strong air-flow coming out of the drainage pipe that was
perceived as very cold on the skin. This air had been cooled and
probably enriched with radon and thoron within the mines, and
most likely affected the in situ outlier measurements, as cold air
will flow along the ground when there is no wind or turbulence.
Such airflow probably affected the integrated measurement at the
closest adjacent measurement station at 20 cm height. The activity
concentration of emanating thoron probably builds up as air flows
along the inside of the mine, resulting in extreme levels within and
adjacent to the drainage pipe opening. Similar releases associated
with mine ventilation have been reported for radon and radon
progeny (Jha et al., 2001; Mudd, 2008). Such air flow is likely pri-
marily due to the temperature difference between the outside
ambient air and the internal temperature of themines, even though
several other factors could affect this process, like atmospheric
pressure and groundwater level within the mine. It is therefore
important to assess the magnitude of such airflow or other venti-
lation of the mines, and how it may affect measurement stations
and the surrounding area. Cold air flowing from the mines thus
provide an additional or alternative explanation for the larger in
situ measurements on September 3 at 20 cm compared to the in-
tegrated measurements at 20 cm height, which occurred during
colder ambient temperatures that are likely to involve a smaller
volume of cold mine air flowing out. Moreover, at 100 cm height,
the opposite was the case, with average thoron being slightly larger
for integrative measurements than for in situ measurements. An
effect of cold mine air flowing along the ground and adding to
ground exhalation is also supported by the higher levels of radon
along the ground recorded during in situ measurements, which
may indicate air of an older origin as radon may build up without
decaying as air passes through the mine. During the in situ mea-
surements, wind in the open landscape (3 m s�1) did not involve
any noticeable movement of the air among the measurement
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stations. Any effects from the changing autumn weather are, along
with night-time conditions, integrated into the track detector
measurements, being difficult to assess. There are thus still many
issues to be dealt with when measuring outdoor thoron.

On the other hand, it was not anticipated that the integrative
measurements of TnPwould be somuch larger than those recorded
with the in situ filter samples. Considering the much larger thoron
concentrations observed during in situ measurements and taking
into account its short half-life, we had expected the opposite.
Instead, we observed a weaker correlation and much smaller ratios
between filter-sampled 212Pb and in situ-measured thoron, as
compared to the stronger correlation and larger ratios between the
integrative TnP and thoron measurements. Such low activity con-
centrations and equilibrium factors were also reported in another
study using filter samples to assess TnP (Harley et al., 2010). One
potential explanation could be a reduced filter sampling efficiency
for the attached progeny of certain aerosol sizes. In general, filtra-
tion efficiency is reduced for aerosols in the 0.05e0.5 mm size range,
but with a typical flow rate (86 L min�1) and a particle diameter
range of 0.04e1 mm the Gelman A/E filter has a filter efficiency of
more than 99 percent (Maiello and Hoover, 2011). Another and
more reasonable explanation is that integrative TnP measurements
are biased by a higher than assumed deposition velocity. Deposition
velocity increases with increasing air velocity as well as with an
increasing unattached fraction (Lai and Nazaroff, 2000; Mishra and
Mayya, 2008; Porstend€orfer, 1994), and outdoor conditions prob-
ably involve bias compared to indoor calibration. Whether this can
explain the entire difference between the two measurement
techniques is however uncertain. Since air movement is reduced
downward through the boundary layer toward the ground, some
support for increased deposition velocity is gained by the four
times larger difference between filters and integrative measure-
ments at 100 cm as compared to at 20 cm height. More TnP could
hence reach track detectors at 100 cm with faster moving air and
turbulence. There is therefore a need for better instrumentation for
measurement of TnP in situ and over time in outdoors conditions to
account for air movement and the aerosol size fractions present.

Dose conversion factors (DCFs) for TnP are based on dosimetry
models and vary much between different assessments (Ishikawa
et al., 2007; Kranrod et al., 2010; Nikezic et al., 2010). Compared
to UNSCEAR recommendations (UNSCEAR, 2000, 2006), applica-
tion of the ICRP-66 lung model (ICRP, 1994), may for example
involve many times higher DCF (Ishikawa et al., 2007; Kranrod
et al., 2010). A low fraction unattached (<0.02) is assumed for
most DCFs (UNSCEAR, 2006), but it is known that the DCF increases
very rapidly when the unattached fraction increase (Nikezic et al.,
2010; Porstend€orfer, 2001). For example, unattached TnP with an
activity median thermodynamic diameter (AMTD) of 1.5 nmwould
give a 7.7 times higher dose coefficient when calculating the
effective dose as compared with attached thoron progeny of an
activity median aerodynamic diameter (AMAD) of 300 nm (Li et al.,
2010). Considering that a portion of the radionuclides in the
investigated area may originate from air ventilated from the mines
or flowing out through the drainage pipe, as indicated by the in situ
measurements, a higher fraction of unattached TnP could be
anticipated to be associated with air from the mines. The size dis-
tribution under various conditions should therefore be studied
further to achieve reliable dose rate assessments.

We suggest further investigation of the magnitude and seasonal
variation of mine air discharge/release (volume) within this area to
improve radiation dose assessments for recreational users of the
area, for workers on previous and planned road-works and workers
on future rare earth mineral excavations. Furthermore, variation in
prevalent thoron and TnP concentration in the area should be
further mapped, both with regard to airflow from the drainage pipe
and with regard to exhalation from the deposits of waste rock from
mining activities lying across most of the area.
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