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Abstract

Radon and its progeny are major contributors to dose to the public. In high background radiation areas
(HBRAs), the risk is increased. In the Fen igneous complex, Norway, significant outdoor levels of radon-220
(**Rn) have been observed and exhalation from the ground is a contributor. Such exhalation depends on many
factors, including levels of radon-progenitors in the ground. Temporal variation in *’Rn exhalation rates is
affected by weather parameters. We show large 2?Rn exhalation rates at Fen complex and assess temporal
variation, which is explained by weather parameters, especially by wind. Exhalation rates are calculated from
measurement series in an exhalation container using different phases of accumulation. We find a bias depending
on whether the linear phase of increase or the subsequent threshold phase is used, and show it is affected by
whether air is sampled from the side or top valve of the container. However, in areas where progenitor levels in
the ground are low, assessment of the linear phase may not be possible due to required period of measurement

intervals.
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adon-222 (**Rn) and radon-220 (*Rn) are
Rimportant for dose to the public and workers (1, 2).

In high-background radiation areas (HBR As), the
health risk is increased (3, 4). In the Fen igneous complex
(Norway), the levels of **Ra and *?Th range up to 1,400
Bqkg!and 12,000 Bq kg, respectively, in bedrock (5), and
up to 380 Bq kg ! and 15,500 Bq kg! in soil (6). Outdoor
levels of *?Rn and *Rn are as high as 300 and 5,700 Bq/
m’, respectively (7), due to chimney ventilation from Fen
legacy iron mines (8) and soil exhalation.

Radon soil exhalation depends on many factors,
namely, soil concentration of its progenitors, permeabil-
ity, grain size, porosity and humidity (9-11), and weath-
er-parameters like atmospheric temperature, pressure,
wind and precipitation (9, 12). Exhalation estimates have
often been made by the sealed-can technique (13-16),
using alpha track detectors integrating over time. Recent
studies use containers, pressure equalisation and in-situ
measurements (17-19) to assess accumulation of Rn gas
during a phase of linear increase before reaching a thresh-
old (Fig. 1a). An estimate of the exhalation rate can be
made from the slope of the linear increase phase (ISO
11665-7), from the threshold phase or from exponential

TEqual contributions in authorship.

fitting (18). Compared to the time needed to reach the
threshold phase, using only the linear phase allows many
more exhalation estimates and better assessment of tem-
poral variation. For *°Rn (half-life of 55.8 s), it may be
important to include the reference measurement in the
linear phase to attain enough measurements.

We assess *Rn and, more comprehensively, *’Rn
exhalation along with its temporal variation and affecting
factors in the HBRA Fen complex. We optimise method-
ology and compare exhalation rates when using measure-
ments from different phases of accumulation.

Methods

This study location was in the redrock part of the Fen
complex (59.2743138N, 9.30713464E). Here, levels in soil
range from 65 to 272 Bq kg! for *Ra and from 5,100 to
11,500 Bq kg for 22Th (6), and at one nearby point, pH
is 6.9, the proportion of organic matter is 0.20, whilst
sand, silt and clay have the proportions of 0.33, 0.53 and
0.14, respectively (20). A metal exhalation container from
SARAD® (15 x 50 x 50 cm) minimising sun heating was
used. Before placement, litter was removed, and a cut was
made in the soil for the circumference of the container
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Fig. 1. Rn concentration during the linear increase phase and the threshold phase of 2’Rn and *?Rn accumulation in an exhala-
tion container from ideal (a and c) and non-ideal data (b and d). For b), note the shift in threshold, making such data not suitable
for threshold and exponential fitting methods.
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Fig 1. (Continued) Rn concentration during the linear increase phase and the threshold phase of *’Rnand ??Rn accumulation
in an exhalation container from ideal (a and ¢) and non-ideal data (b and d). For b), note the shift in threshold, making such data
not suitable for threshold and exponential fitting methods.
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edge to minimise leakage. Soil was applied along the con-
tainer. SARAD® EQF 3220, a semi-conductor instru-
ment, was used for ?Rn measurements, with uncertainty
(2 o) ranging 3-66%. SARAD® RTM1688-2 was used for
22Rn measurements, with uncertainty (2 o) ranging
22-110%.

Before placement, a reference measurement was made
5 c¢cm above ground at the height of the side valve, repre-
senting the activity concentration before build-up, using
15 and 30-min measurement periods for *’Rn and ?*Rn,
respectively. Tubes were connected to the two valves of
the container, in a closed loop circulated by the instru-
ment, using the side valve as outlet in 2021 and 2022, but
the top valve at 15 cm height as outlet in 2023. The use
of the top valve is according to the ISO. For each exha-
lation rate estimate, a series of subsequent measurements
of air sampled from the outlet were made to assess accu-
mulation of Rn during both the linear and threshold
phase (Fig. 1). Due to the high levels of *Rn, these
series used 1-min period measurements, whilst a 30-min
period was required for ??Rn. We purged the instrument
after each series and re-placed the container for each new
exhalation rate measurement series. For method optimi-
sation and corrections due to decay, see Supplementary
material. For *Rn, we performed 41 measurement
series, whilst only eight (one per day) were possible for
22Rn due to its half-life. It takes a lot of time to gain
each exhalation rate estimate, and we were limited by
time and resources. To assess the exhalation rate mea-
surement series, six different methods (below) using mea-
surements from different phases of accumulation were
used to calculate the exhalation rate, ® (Bq m=2s™). In all
methods, we assume no leakage, and we assess net exha-
lation assuming negligible diffusion back into soil: 4, =4,
=0 (s™). All deductions and uncertainty equations are in
the supplementary material. We simulate a sealed-can
using alpha track detectors integrating an average value
of 2Rn over time (exposure E (Bq m~ s)) to estimate
exhalation (21). This simulation uses datapoints from
both phases of accumulation to calculate the exhalation
rate:

(D=E~V~7»th Eq. 1
S T
where 4, = (12.42 £ 0.07) * 10~ s™'is the decay constant

for 2Rn, T,; =T+ %(e_k‘hT—l) (s) and T (s) is the

th
duration of the measurement.
We also assess only the threshold phase of measure-

ment series to estimate *’Rn exhalation (18, 22-24):

D= ClimL'?V'x’ Eq.2

where A =4 + 4, + 4, (s'), 4, (s')is the decay constant
of the radon isotope under investigation, V is the con-
tainer volume (0.035 * 0.003 m®) and S is its surface
(0.257 £ 0.013 m?). >*>Rn takes too long to reach a thresh-
old in one field day (Fig. 1c¢ & 1d). Most *Rn measure-
ment series had a clear threshold phase (Fig. 1a), but
some were unstable (Fig. 1b). Tipping points were identi-
fied through local regression (10% decrease in slope), and
only thresholds lasting 6 min (I-min measurements) or
15 min (5-min measurements) were included when also
mean and standard deviation were less than 22% of the
tipping point value. 12 series (***°Rn) were discarded (11
in year 2023).

The exhalation rate of Rn can also be estimated from
the linear phase (25) as

S

where A (Bq m= s7) is the slope of the activity concentra-
tion as a function of time determined by linear regression
(R Core Team 2016). Here, we use the three first measure-
ments after placement of the container, and to ascertain
linearity, these must give an R?of at least 0.80 (6 cases of
S5-min measurements led to the inclusion of only two
points).

We assess also an ISO alternative, including the refer-
ence activity measurement in the slope, using otherwise
the same methodology to avoid using only two points.
The inclusion of any measurements deviating from lin-
earity towards threshold will reduce the slope (18), giv-
ing an under-bias of exhalation rate. The linear
assessment can be improved by including the reference
measurement, which should give a better estimate of the
slope.

The inclusion of the reference measurement, in some
cases, involved more than one potential slope. We, there-
fore, also assess the steepest possible slope using at least
three measurement points, where the reference measure-
ment may be included, using otherwise the same method
as the ISO.

Finally, with the method of Seo et al. (18), we use
non-linear least squares exponential fitting (R Core Team
2016) of both the linear increase and the threshold phases
of 2"Rn to estimate the exhalation rate:

B-k-V Eq. 4

where B= % (Bq m?) and k = 4 (s™'). Here, the refer-

ence measurement is included. Parameter estimations of
B and k with a P-value higher than 0.1 were rejected. Due
to fluctuations in the threshold, 7 (35%) exhalation rate
estimates were discarded in 2023.
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Fig. 2. Yearly exhalation rate of *°Rn, calculated using each of six methods: linear with reference measurement (L_0_3), linear
ISO (L_1_3), steepest linear (L_stp), exponential fitting (Exp), threshold (Thrs) and sealed-can (SealC).

On nine field days, soil gas Rn was measured (5-min)
after exhalation using EQF and RTM1688-2 (SARAD®),
with recommended airflow rates of 0.75 L/min and 0.3 L/
min, respectively, and a Durridge soil gas probe. For
details, see the Supplementary material.

Weather data were downloaded from the Norwegian
Meteorological Institute (api.met.no). This included
10-min data on temperature and air humidity from a
nearby (1700 m) weather station (Ulefoss, SN32540) and
hourly data for several parameters from another (Gvarv,
SN32060, 12 km). There was a strong correlation in tem-
perature (R = 0.965, CI.: 0.962-0.967) and humidity
(R =0.936, CI: 0.931-0.949) between the two stations,
supporting use of Ulefoss for 10-min and Gvarv for
hourly data. Water drains from soil over several days
(26, 27), so we included precipitation the last five prior
days. Temperature, pressure and wind can affect exhala-
tion and were included, in addition to air humidity, which
can affect instruments.

There were too few exhalation rate estimates for ?Rn
for any statistics. Due to different >°Rn exhalation
between years (Fig. 2) and corresponding different uses
of side versus top valve for sampling in 2021/2022 ver-
sus 2023, respectively, as well as different measurement

periods, being only 5-min in 2021, a mix in 2022 and
only 1-min in 2023, these (termed valve and meas,
respectively) were included as terms in linear models
(R Core Team 2016). Then, we successively removed
the most unlikely term until all terms were significant.
This was done for each of the six methods of calculat-
ing exhalation rate, starting with the full statistical
model:

Exhal ~ Temp_air + Humid + Press + windspeed +
windDIR + precip + meas + valve

Models were compared through Akaikes Information
Criterion (AIC) (28).

Results

22Rn in soil gas ranged from 1,400 to 5,900 Bq m™
(mean: 3,600, SD: 1,600) and was correlated to its exha-
lation rate from soil (r = 0.78, P > 0.07), which ranged
from 0.01 to 0.02 Bq m? s (mean: 0.17, SD: <0.01) for
the two linear phase methods. *?Rn in soil gas ranged
from 2,300,000 to 8,300,000 Bq m= (mean: 6,100,000,
SD: 2,000,000) and was only weakly and not significantly
correlated to its exhalation rate (r = 0.1, P > 0.09), prob-
ably due to the short half-life of *’Rn. Using the six
methods based on different phases of accumulation in
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Fig. 3. Correlation plots (upper panel) and Pearson’s coefficient (lower panel) between each of the six methods to calculate exha-
lation: linear with reference measurement (L_0_3), linear ISO (L_1_3), steepest linear (L_stp), exponential fitting (Exp), thresh-

old (Thrs) and sealed-can (SealC).

the container, across all field days and methods of calcu-
lation, the exhalation rate of *Rn was high and varied
from 3.5 to 650 Bq m? s™' at the Fen HBRA. For *'Rn,
the three methods using only the linear phase were cor-
related, as were also the sealed-can and threshold phase
methods (Fig. 3). There was large variation in exhalation
rate both amongst and within methods (Fig. 4). The
threshold method often gave the largest estimates, the

three linear phase methods the lowest and the sealed-can
and exponential fitting methods were intermediate in
value (Table 1 & Fig. 4). The largest simultaneous differ-
ence between methods (one series of exhalation mea-
surements) was a 30 times difference of 630 Bq m?s™! for
20Rn, but on the two last field days, differences were
small (less than 72 Bq m? s!). There was monthly and
seasonal variation, as shown for the linear method
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Fig 4. Temporal exhalation rate of ?°Rn, using each of the six methods: linear with reference measurement (L_0_3), linear ISO
(L_1_3), steepest linear (L_stp), exponential fitting (Exp), threshold (Thrs) and sealed-can (SealC).

Table 1. Exhalation rates calculated with each of the six different
methods, minimum (min), maximum (max) and mean and variance
(var): linear with reference measurement (L_0_3), linear ISO
(L_1_3), steepest linear (L_stp), exponential fitting (Exp), threshold
(Thrs) and sealed-can (SealC)

Method Min Max Mean Var
L 03 6.5 180 58 1,600
L3 35 220 64 2,700
L_stp 838 220 73 2,400
Exp 13 310 130 5,700
Thrs 62 650 270 18,000
SealC 24 320 140 7,800

including the reference measurement (Fig. 5), with
higher exhalation in summer than spring/autumn.
Linear regression showed that variation in *’Rn exha-
lation rates could be explained by some weather parame-
ters after model simplification (Table 2). The better AIC
for exponential fitting and threshold methods are due to
discarded data points related to shifts in the threshold and
fewer degrees of freedom. These methods and linear

phase ISO explain more variation (R?adj). The latter had
the second strongest F-statistics, which was strongest for
the steepest linear phase method. Looking to heterosce-
dasticity, leverage and residuals linearity, the linear phase
method including reference point, the linear phase steep-
est and the exponential fitting seem best (Supplementary
material 4).

Wind speed was significant for all six methods, either
with the highest or second highest positive effect size
(Table 2). Differences in wind speed (Fig. 6) could help
explain the observed differences between years
2021/2022 and 2023. Temperature and precipitation
were significant for most methods. Precipitation always
had a negative impact, as expected from increased levels
of soil moisture. Temperature in the linear phase ISO
method had a negative impact, whilst in the three meth-
ods using threshold, had a positive effect. Also, for
methods using the threshold phase, switching from
using the exhalation container side valve to the top
valve had a negative effect with the largest (or second
largest) effect size. This suggests a heterogenous distri-
bution of *’Rn in the exhalation container, as diffusion
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Fig. 5. Seasonal and monthly exhalation rates of Rn in the Fen complex, calculated using the linear increase phase including
the reference measurement (L_0_3), the best model in the model selection.

speed and decay may involve lower levels under the
roof. For the method using the linear phase with the
reference measurement, the measurement period was
significant with a negative effect. This can be expected
when, measurements are few, and points after the linear
phase deviating from linearity towards threshold are
included (18).

Discussion

In this study, we optimise methodology and demonstrate
high exhalation rates of ?Rn in the HBRA Fen igneous
complex. It is well known that health risks to ??Rn and
20Rn are increased in HBRASs (3, 4). Increased risk from
various exposure scenarios has been shown for the Fen
complex (5-8, 29-33). Levels of radon-progenitors in soil
are high (6, 29, 32, 34), and there are high outdoor levels
of 2Rn (6, 29, 32, 34). Natural ventilation from the Fen
legacy iron mines has a large local impact on outdoor lev-
els (8), and we show that >’Rn exhalation from the ground
is also significant and should be taken into account when
assessing outdoor exposure. Such an assessment requires
knowledge about the magnitude and variation of exhala-
tion from the ground. We demonstrate seasonal variation
and effects of weather parameters. In summer, outdoor
occupancy by the public is frequent, and *’Rn exhalation
is highest, contributing most to outdoor levels and
exposure.

Wind and precipitation were significant in all statisti-
cal models. All weather parameters could have had an
effect (11), but there are too few data to incorporate
enough variation for all parameters to become signifi-
cant. Especially, linear phase methods of short-lived

20Rn are, with long measurement periods, prone to
sparse datapoints and under-bias from inclusion of
points after deviating from linearity. For *?Rn, on the
other hand, due to the much longer duration of the lin-
ear phase, it takes too long to reach the threshold in one
field day, and only one exhalation estimate is possible per
field day. Moreover, results are probably affected by the
large uncertainties. For ?°Rn, the larger effect size of
wind speed and different use of side versus top valve of
the exhalation container suggest that these parameters
are most important. They probably result from forced
exhalation with wind and a heterogenous distribution
with lower levels against the exhalation container roof,
respectively. The latter involves violation of the assump-
tion of a homogenous distribution and involves lower
exhalation rate estimates for methods using the threshold
when the top valve is used for sampling, as suggested by
the negative effect size. This issue is probably most
important for *’Rn due to its short half-life and depen-
dence on distance to its source (2). Incidentally, it was
also in the year 2023, when the top valve was used, that
the majority of discarded exhalation rate estimates due
to threshold instability were made. A homogenous distri-
bution within the exhalation container may be achieved
if a fan for mixing air is included within the container, a
measure we therefore recommend for future exhalation
studies of *Rn.

A major finding is the different calculated ?Rn exha-
lation rates when using the linear phase compared to the
threshold phase. Seo et al. (18) also found higher rates
of exhalation with an exponential fitting method com-
pared to the linear phase ISO method, even though not
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as large as observed in our study. The decrease of this
difference towards the end of the study is probably

steepest linear (L_stp), exponential fitting (Exp), threshold (Thrs), and sealed-can (SealC). For each model, adjusted R-squeared (R2adj), F-statistics (F), degrees of freedom (df) and AIC given.

V18388 m 3 :

| RSSARQL related to the effect of using the top valve on the thresh-
old methods. Thus, going from using the side valve to
the top valve of the container involved lower exhalation
rates in 2023 for the threshold models (Fig. 2 and Table

S| NN 2II A 2), which level out the difference between the linear

phase and threshold methods. However, the effect size
of wind speed was equal or stronger for the threshold
methods, and higher wind speeds in the last study year
may also have acted to reduce the difference. It is, there-

L ISR 2RI

| fore, not clear whether the identified difference between
' linear phase and threshold methods is real or only pres-

ent if the side valve is used.
Tlgegaerx Nonetheless, threshold methods for 2°Rn are prone to
x| o oo o oo fluctuations (Fig. 1b), and discarding these results in reduc-
tion of data. The linear methods provide a clear advantage,
as shorter measurement series allow more data points in
0 9 o one day and better assessment of temporal variation.
K] & g g Inclusion of the reference measurement in a measurement
D series allows more data points, possibly avoiding deviations
from linearity and a better estimate of the slope, which is
e important due to the short half-life *’Rn. However, in
g o areas where soil levels of radon-progenitors are much lower

e

than in HBRA’s like the Fen complex, the measurement
period may need to be longer for measurements to be above
the instruments’ detection limit, which may hinder enough

Tuble 2. Estimates of significant parameters (standard error) in linear models of the six methods for exhalation rate variation in relation to air temperature (Temp), air humidity (Humid),
Atmospheric pressure (Press), wind speed (Wind), wind direction (Dir), one day precipitation (24hprecip), five days precipitation (5Sdayprecip), length of measurement interval (meas) and going
from using side valve to top valve for sampling from exhalation container (Valve). The six methods: using linear phase and reference measurement (L_0_3), linear pase according to ISO (L_1_3),

> —ogs8
w12 223 é = data points being collected during the linear phase. In such
A8 8383 areas, for ?°Rn, the threshold or sealed-can method must
o o O o o
' o be used.
. This study is limited to one geographical point and few
C S data due to time constraints and limited resources. Other
al § locations should be assessed, and future studies should
< include more data to better assess effects from weather
parameters and diurnal variation. Weather data represen-
s|lmsaasa tative of the local microclimate should be attained using a
s IS local portable weather station. To better assess outdoor
SNy o ae levels of Rn isotopes in Fen to assess exposure and risk,
more studies should be undertaken on spatial variation of
) = soil exhalation and natural chimney ventilation from mine
3 g openings.
= ¥
Conclusions
< Our results show a significant exhalation rate of Rn
b g from the ground in the Fen igneous complex, as expected,
T 3 but with large temporal variations. Statistical modelling
N shows that this can be explained by weather parameters
and, in particular, by wind speed. The use of the linear
a ¥ &K phase of accumulation gives lower estimates of exhalation
§ § 5 % 5 rate than methods using the threshold phase. This differ-
' ence is less pronounced if the top valve of the exhalation
- container is used for sampling air. For ?°Rn, it is import-
_g ’o"| ™ g . » L_i ant to use as short as possible measurement periods to
2| 05 E S attain enough measurement points during the linear phase.
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Fig. 6. Wind speed during the different field days at the Fen complex.

To attain more exhalation rate estimates, methods using
the linear phase of accumulation should be used, if levels
are high enough to attain enough measurements during
the linear phase.
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