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ARTICLE INFO ABSTRACT
Keywords: This study describes and discusses the results of a 14 month-long campaign (April 2019 to June 2020) aimed at
Airborne gamma-ray spectrometry characterizing and quantifying the influence of environmental factors (cosmic rays, rainfall events, soil moisture

Environmental factors
Nal(Tl) detector
Atmospheric radon-222
Soil moisture

and atmospheric radon) on airborne radiometric surveys, which are used for mapping the concentrations of
potassium (K), uranium (U) and thorium (Th), or for monitoring the natural radioactivity in the environment. A
large Nal(T1) airborne spectrometer (4 down + 1 up detectors of 4 L) was installed at a height of 50 m on a
Uranium meteorological tower to simulate an airborne hover at the Pyrenean Platform for Observation of the Atmosphere
Thorium (P20A) in Lannemezan. The continuous, high frequency acquisition of gamma-rays was accompanied by mea-
Potassium surements of rainfall intensity, soil moisture content, atmospheric radon activity and meteorological parameters.
Cosmic rays A semi-diurnal cycle of apparent 232Th and “°K was observed and explained by atmospheric thermal tides. Both
diurnal and seasonal cycles are also evident in the gamma-ray signal, mostly due to variations of soil moisture at
these timescales with a maximum during summer when surface soil moisture (0-5 cm depth) is the lowest. An
increase of 25% vol. of the soil moisture content, representing the range of variation between the end of summer
(18% vol.) and the beginning of spring (43% vol.) leads to a decrease of gamma-rays in the K and Th window by
the same amount. Conversely, these results illustrate the potential of using airborne gamma-ray spectrometry to
monitor soil moisture at hectometer scales. The washout of radon-222 progeny during rainfall events influences
the count of gamma-rays in the U window by adding an atmospheric component to the soil component. The
amplitude of the signal increase in the U window varies with the precipitation rate and reaches 30% for an
average event. By clear weather, atmospheric radon-222 volumic activity influences the count rate in the U
window by about +3.8% per Bq m~2, which translates into an influence of 148%/Bq m~/kg Bq! (U). This
comprehensive, multi-compartment approach is necessary to optimize and improve the processing and analysis
of airborne gamma-ray spectrometry data for high sensitivity environmental studies. These results show the
importance of environmental factors on the variability of gamma-ray spectrometry and the importance of taking
them into account to accurately map radionuclides activities.

1. Introduction radionuclides by airborne gamma-ray spectrometry. Outside incidental
or accidental situations, the main radionuclides present in the ground

The presence of gamma-emitting radionuclides in soils and the large are *°K, 238U (4-progeny), 232Th (+progeny) and '*’Cs.
penetration depth of gamma radiation in air have long been considered Typical applications of airborne gamma-ray spectrometry include
for the detection and quantification of natural and artificial radioactive mineral exploration (Grasty, 1975; Tourliere et al., 2003),
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radiological survey following nuclear incidents or accidents (Grasty
et al., 1997; Sanada and Torii, 2015), geological mapping, study of
weathering processes (Carrier et al., 2006; Wilford, 2012), soil mapping
(Cook et al., 1996; Wilford et al., 1997), search for radioactive sources
(Deal et al., 1972) and study of the anthropogenic influence on its
environment, like agricultural fertilization practices (Punniyakotti et al.,
2020).

In order to monitor the concentrations of thorium (Th), uranium (U)
and potassium (K) in the ground, the International Atomic Energy
Agency recommended a three window method presented in Table 1
(IAEA, 1991). Thorium and U are measured indirectly with
gamma-ray-emitting decay products in their respective decay series.
Thorium is measured from gamma radiation emitted by 2°°Tl at
2615 keV, U from 2'*Bi at 1764 keV and K is detected directly from
1461 keV gamma-rays emitted by “°K. Since gamma-ray spectrometry is
sensitive to environmental conditions, which can vary from one
campaign to another, the concentration maps obtained by this
geophysical technique are, strictly speaking, and without further
correction, only valid for a specific day, and even for a specific time of
the day.

The variation of the count rates with soil moisture for a soil with
uniform radionuclides distribution has been documented by laboratory
studies and by individual airborne surveys (Kogan et al., 1971; Carroll,
1981; Beamish, 2015). These studies, which were carried out over the
typical time scale of an airborne survey, confirmed the expected
decrease of the gamma-ray flux from K, Th (and U) with increasing soil
moisture. The presence of free or adsorbed water in the soil pore space
increases its bulk density and thus its attenuation coefficient (e.g.
Lovborg, 1984; Grasty, 1997). As a result, uncertainties or variations of
soil moisture can represent a significant source of error in interpreting
gamma-ray surveys in terms of K, Th and U concentration in the (dry)
soil. An increase in volumetric soil moisture (relative volume of water in
a unit volume of soil) of 10% decreases the measured fluence rate by
about the same amount (Minty, 1997). A proximal gamma-ray spec-
troscopy study also investigated the possibility to use this technique for
assessing soil water content (Baldoncini et al., 2019). It was applied to
study the effect of the biomass water content on soil moisture in a bare
soil through a 7 month continuous campaign.

Another environmental parameter affecting airborne gamma-ray
spectrometry is related to the transport of radon-222 (hereafter
referred to as radon), a naturally occurring noble gas from the U decay
series, and the radioactive a-decay product of long-lived 22°Ra mostly
present in rocks and soils. Radon-222 emanated from the ground can
diffuse through the soil porosity and reach the atmosphere, producing
short live daughters, such as 2Bi, which are subject to aerosol attach-
ment, possible detachment by recoil, and deposition. These mechanisms
will influence the measurement of 2!*Bi by adding an atmospheric
component to the ground component. Radon-222 concentration in the
atmosphere varies daily and seasonally due to changes in the exhalation
rate associated with fluctuations of soil humidity and due to variations
of meteorological parameters at local and regional scales. In the analysis
of airborne data, this time-variable atmospheric component contributes
to the intensity of the 21*Bi signal and needs to be substracted from the
raw data. Although the influence of atmospheric radon-222 on the U
window has long been recognized, it has rarely been studied in details
and, to our knowledge, is not routinely and even very seldom corrected
for.

Table 1
Spectral windows used to measure K, U and Th recommended by the IAEA, 1991.

Element Isotope Gamma-ray energy (keV) Energy window (keV)
Potassium 40g 1461 1370-1570

Uranium 214gj 1764 1660-1860

Thorium 2087] 2615 2410-2810

Total Count - - 40-2810
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Some of the airborne gamma-ray spectrometry applications require
multi-annual monitoring, which in turn requires a detailed under-
standing of all environmental and instrumental parameters that can
induce temporal variations for subsequent corrections. In order to better
understand these parameters, we are conducting a multi-annual, multi-
compartment survey of the environmental radioactivity at the Pyrenean
Platform for Observation of the Atmosphere on the Centre de
Recherches Atmosphériques (P20A-CRA) site, in Lannemezan, France.

The purpose of this survey is to simulate a long-lasting (>1 year)
hover flight of an airborne gamma-ray system with a 20 L NaI(Tl)-type
gamma-ray spectrometer installed on a 60 m tall meteorological mast.
The atmospheric and soil compartments are also monitored to charac-
terize the temporal variations of the airborne gamma-ray signal and to
assess the effect of radon, rainfall and soil humidity. Although the in-
fluence of these environmental factors on the gamma-ray signal were
already well-documented, the very long duration of this airborne
gamma-ray spectroscopy campaign at a height of 50 m, and the inde-
pendent monitoring and characterization of each compartment (soil and
atmosphere) characterize the uniqueness of this work.

In this paper, we summarize the trends observed in a 14 month-long
time series of continuous gamma-ray signal acquisitions at P20OA-CRA
(from April 2019 to June 2020), in conjunction with associated envi-
ronmental measurements.

Future studies will be focused on the implementation and validation
of specific corrections to account for the effect of each environmental
factor on the gamma-ray signal.

2. Materials and methods
2.1. Site description

2.1.1. Overall context

All measurements were performed at the Pyrenean Platform for
Observation of the Atmosphere on the Centre de Recherches Atmos-
phériques (hereafter referred to as P2OA-CRA) in Lannemezan (43° 07’
26"N, 0° 22" 44"E), in the Southwest of France near the Pyrénées
mountains (Fig. 1). The P20A-CRA is located in the sedimentary plateau
of Lannemezan, at an altitude varying between 580 and 600 m above sea
level. The P20A-CRA covers a flat area of 70 ha on permanent and
temporary grasslands. The vicinity of P20A-CRA is characterized by a
low anthropogenic impact with some corn and cereal fields and conif-
erous forest. A temperate continental climate with local oceanic in-
fluences is dominant in this area. The mean annual temperature is about
12.4 °C, while the mean annual precipitation rate varies between 1000
and 1100 mm.

The P20A-CRA is the instrumental site of the Laboratoire
d’Aérologie of Toulouse and belongs to the Université Paul Sabatier,
Toulouse, France. A 60 m-tall meteorological mast is present on the field
site. The continuous monitoring network on the mast provides real time
meteorological parameters such as pressure (with a frequency of
0.1 Hz), air temperature (0.1 Hz), horizontal and vertical wind speeds
(at 0.1 Hz), and traces gases (H20, CO2, CH4, CO) at 1 Hz, at different
heights (0 m, 2 m, 5 m, 30 m and 60 m). A bucket rain gauge with a
0.2 mm tilt-in sensitivity is also connected to the network to measure the
intensity of rainfall events.

2.1.2. Radiological context

A pedestrian gamma survey of the field site was conducted around
the meteorological mast over a week. The purpose was to reconstruct the
soil total count rate, in ¢ s~1, over the sensitivity area of the spectrometer
in order to map the spatial variations of the soil radioactivity.

The survey consisted of 1 s measurements of the total count in a
60-1500 keV window, with a fixed distance between the NaI(Tl) gamma
probe (CREMPO, size of the crystal = 2.0 inch-5.08 cm - in diameter and
0.5 inch-1.27 cm - in thickness) and the ground surface of 20 cm,
following grid lines that were ~1 m apart. The depth of soil investigated
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Fig. 1. Maps indicating the location of the Centre de Recherches Atmosphériques (P20A-CRA) site and the 60 m meteorological mast. Source: Géoportail.

with this pedestrian protocol is around 20 cm. The weather conditions,
cold and cloudy, were approximately similar during the survey with a
relative stable volumic soil moisture of 35%.

The interpolated map of the 45000 m? area covered around the mast
(Fig. 2) shows some spatial variations with a total count rate ranging
from 60 to 160 ¢ s~ L. The lowest values (60-80 c s—!) coincide with
permanent grassland developed on deep soil. The highest values
(140-160 c¢ s~ 1) are representative of the soil parent material in this
area, a typical clay loam (red zone in Fig. 2), which was exposed
following a land levelling operation. Most of the areas characterized by a
total count rate varying between 110 and 130 ¢ s~! are associated with
deep parent material remobilized to the surface, like in the vicinity of
the mast anchors points, on the gravel access road and around the
artificial drainage stream (Fig. 2).

This interpolated radiological map guided the selection of 112 soil
samples in the different “radiological units” over the full range of vari-
ations observed and from the top soil to 1-m deep. These samples were
dried at 105 °C for 24 h and were analyzed in the underground Low
Radioactivity laboratory LAFARA (LAboratoire de mesure des FAibles
RAdioactivités) with a calibrated Germanium detector. A 24 h mea-
surement time and the same conditioning protocol are used for each
sample. The average weight is 24.2 g.

The soil around the meteorological mast consists of a uniform 1 m-
deep brunisol or veracrisol with a median activity of K, Th and U,

expressed as Bq kg~! dry soil, of 260.5 + 27.8, 44.3 + 3.2 and
37.9 £+ 5.7. These median values are higher than the worldwide median
for 222Th and 238U of 30 and 35 Bg kg !, but lower than the median for
49K, of 400 Bq kg™! (Table 2) (UNSCEAR, 2000a). The mean activity
concentrations of K, Th and U expressed as Bq kg™! dry soil are
290.1 + 29.4., 45.4 + 3.3 and 38.9 + 5.7. The P20A-CRA soils are
typical for a continental area.

The activity concentrations of K, U and Th are relatively constant
between soils taken from different depths for the uniform 1 m-deep
brunisol or veracrisol, ranging from 233 + 24 to 261 =+ 28 Bq kg},
36 +5t041 +7Bqkg ! and 38 + 0.9 to 43 + 1.2 Bq kg ! respectively.
A larger activity concentration is observed for U in the topsoil near the
anchor points and the artificial drainage system, due to reworking of soil

Table 2

Median values for®*2Th,2*U and*’K expressed in Bq kg~ for the 112 soil
samples collected at P20A-CRA compared to the worldwide soil median
(UNSCEAR, 2000a; 2000b).

Lannemezan median Worldwide median

Bgkg ' Bqkg !
2327 44.3 £ 3.2 30
238y 37.9+5.7 35
“Og 260.5 + 27.8 400

Fig. 2. Interpolated map (Kartotrak®)
for the total count in ¢ s~! for the energy
range 60-1500 keV with the gamma
pedestrian system CREMPO©. The
selected site shows spatial variations
around the mast ranging from 60 to 160
¢ 571, The highest values are located on
the clay loam, which is the parental
material of the surrounding soil that
developed in situ. The scattered vegeta-
tion on the clay loam is related to the
presence of a temporary wetland 6-8
month per year. Anchor points refer to
concrete pads connected to the mast by
tensioned cables to stabilize the tower.
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in these areas, and tends to be related to the higher total count in these
areas (Fig. 2). A correlation between the largest Th contents of soil
samples and the largest total count rates is observed for the bedrock.

2.2. Gamma-ray measurement instrumentation

Thallium-activated sodium iodide (NalI(Tl)) scintillators have been
widely used for airborne gamma-ray spectrometry. Indeed, although
they have a quite poor energy resolution, they offer ruggedness for long-
term outdoor operations and they can be built with relatively large
volumes with high scintillation efficiency, to provide the high detection
efficiency and high acquisition rate (1s) required for the detection and
measurement of low-level radiation from both natural and artificial
sources with a fast-moving aircraft.

In order to monitor fine-scale time variations of the signal, we used
the RSX-5-20 L Nal(Tl)-type gamma-ray spectrometer from Radiations
Solutions Inc., Canada. The detector is composed of 4 crystals (4 x 4 L)
covered by a 5th crystal (4 L). The 4 crystals are referred to as the
“Down” component of the spectrometer. The 5th crystal (or top crystal,
referred to as the “Up” component) is intended to correct for the radon-
222 background (Fig. 3). However, such a correction, based on our
knowledge of the literature, has never been implemented.

A complete calibration procedure to determine the detection effi-
ciency of the instrument for 2321 (208Tl), 238y (214Bi) was carried out.
We performed a 4rn steradians calibration where the scintillator was
placed at the centre of a mechanical support and a total of 11 radioac-
tives sources were used (241Am, 133Ba, 207Bi, 6OCo, 137Cs, 152Eu, 22Na,
228Th, 232Th, 238()). The distance between the source and the centre of
the detector was fixed at 0.98 m. For each source, 80 measurement
points on a sphere were recorded for a time varying between 60 s and
300 s according to the activity of the radioactive source (Fig. 4). The
intrinsic background of the 5 crystals, which corresponds to radiation
produced by trace amounts of Th, U and K present in the detector and in
materials forming the instrument, was measured by placing the scintil-
lator in a lead castle built with 350 archaeological lead bricks (total
thickness of 10 cm) to isolate it from the external radiation sources
(Fig. 4). The intrinsic background was found to be 3.4 ¢ s7! for 2%2Th
(ZOSTI), 2.7 ¢ s~ ! for 238U (*'Bi) and 3.3 ¢ s~ ! for “°K. The scintillation
detector has a resolution of ~7% at 662 keV (137Cs) and ~4% at
2615 keV (**2Th (208T1)), which are typical values for this type and
volume of detector. The high voltage gain is automatically adjusted
using natural 232Th (2°8T1) and we controlled it by daily checks and kept
records of its evolution.

The Nal(Tl) detector was installed at a height of 50 m on an
aluminum mechanical support mounted on a freight elevator whose
height is fixed with a winch (Fig. 4). The Nal(T1) detector and its power
supply are protected by a 2 mm aluminum cover on top of its carbon
fiber housing, covering only the upper part and the sides of the instru-
ment. An Ethernet cable connects the Nal(Tl) detector to a computer and
allows continuous communication with the instrument and data

Photomultiplier tube (PMT)
And spectrometer

Nal(T1)
cristals (4 L)

I ——

Fig. 3. Nal(Tl) RSX5 spectrometer (Radiations Solutions Inc.).
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reception. Continuous data acquisition was obtained over a 14 month-
period, from April 30, 2019 to June 30, 2020 with an integration time
of 1 s. The instrument did not exhibit any signs of wear over this whole
time period. In particular, it worked perfectly during the warmest period
ever recorded in France (June 2019). The air temperature varied be-
tween —4 °C and +35 °C and the sensor temperature from +18 °C to
63 °C. The instrument also underwent very large and repeated humidity
variations without showing any signs of hygroscopic-induced degrada-
tion. Over this 14 month-period, only ~50 h of data (~0.5%) were lost,
mostly due to short power outages.

The standard procedure for airborne gamma-ray spectrometric
mapping with NaI(Tl) scintillators is to use a 1 s integration time.
Although spectra were recorded every second, we also integrated
spectra every 30 s, since the instrument was stationary and only aimed at
measuring temporal variations. For each 30 s spectrum, after subtracting
the intrinsic and cosmic background, the net count rate is retrieved in
the main 232Th (2°8T1), 23817 (214Bi) and “°K photopeak energy windows
(IAEA, 2003). Then, an hourly average of these count rates was
computed to match the integration time of other instruments. All mea-
surements were recorded on a UTC time reference, since the daily radon
and humidity cycles, for example, are related to the true solar time,
which is closer to the UTC time at Lannemezan. The choice to switch to
UTC allows a reliable and durable synchronization of the instruments, in
particular because time changes are avoided.

2.3. Radon measurement instrumentation

To assess the time-dependent effect of radon on the gamma signal,
we equipped the mast at three heights (1 m, 30 m and 60 m) with
calibrated radon detectors (Fig. 4). The same type of radon monitor
(AlphaGuard PQ2000Pro, from Saphymo) was deployed at each height,
in an open protective housing.

The AlphaGuard PQ2000Pro is a complete on-site system for radon
measurement. It monitors radon in the ambient air using an ionization
chamber of known volume (0.56 L), after filtering radon progenies. A
standard diffusion mode was used rather than a flux mode.

A continuous measurement over 19 months from December 4, 2018
to June 30, 2020, with an integration time of 1 h was recorded. An
hourly average value from the three AlphaGuards was then calculated.
Before their installation on the mast, a complete calibration campaign
including background characterization (100 h-long measurements
under N; flow) and absolute volume activity calculation was performed
for each instrument. Atmospheric pressure, air temperature and relative
humidity were also recorded by these AlphaGuards. Their detection
limit for an integration time of 1 h is started to be 2 Bq m~> by the
manufacturer (in diffusion mode), but lower detection limits can be
reached by averaging the measurements from several detectors (three in
our case, which should yield a detection limit of ~1.15 Bq m~>) and by
extending the integration time.

Each instrument is connected to a computer with a RS232 cable,
which allows the communication with the instruments and the data
collection.

Over the 19 months of the campaign, no data were lost, despite short
power outages, due to their large storage memory.

2.4. Soil moisture instrumentation

In order to evaluate the impact of soil moisture on the gamma-ray
signal, a complete soil humidity measurement system was deployed on
the field.

This system consists of nine soil moisture sensors inserted at different
depths in the soil and a data logger to save all the 10-min measurements
(Fig. 3). Each probe employs time domain reflectometry (TDR) to
measure volumetric moisture content in the soil. It is an indirect mea-
surement based on the correlation between the signal from the probe
and the dielectric properties of the material in which they are inserted.
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Fig. 4. Instruments installed on the 60 m-meteorological mast and around. The upper inlet depicts the background measurement calibration and deployment of the
Nal(Tl) gamma spectrometer. The middle inlet illustrates the calibration and deployment of the AlphaGuards. The soil moisture monitoring system is shown in the

bottom frame.

The soil moisture is deduced from the soil permittivity after calibration
with the material of interest. This calibration procedure was performed
in the laboratory with collected soil samples. The system was installed
around the meteorological mast and the bucket rain gauge. Three probes
spaced 2 m apart were deployed at a depth of 0-5 cm to monitor the
surface soil moisture. Data from these probes were averaged over each
10-min period. An average value of these three values of surface soil

humidities was calculated. The other sensors were used to monitor a soil
moisture profile from 0 to 50 cm depth, every 10 cm in depth. The six 10-
min measurements were averaged to calculate an hourly soil moisture
humidity value.

Like for the gamma-ray spectrometer, a continuous acquisition over
14 months, from April 30, 2019 to June 30, 2020 was recorded for each
probe. Only 15 days were not recorded during this time period, during
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the Covid-19 “Great Lockdown” in France.

2.5. Data processing

A dedicated software was developed to post-process the recorded
gamma spectra: energy calibration, intrinsic and cosmic background
subtraction, generation of 1 h-long spectra and calculation of the net
count rates in the energy windows of 2321 (ZOSTI), 238y (214Bi) and “°K
(Table 1).

3. Results and discussion

The results presented in this section refer to a set of 10152 hourly
averaged gamma-ray count from the « Down » component of the spec-
trometer (Total count, 2327 (ZOSTI), 238y (214Bi), 40K), atmospheric
radon concentrations, soil moisture contents (vol% of H,O of free
porosity) and atmospheric pressure over a period of continuous obser-
vation from April 2019 to June 2020. The corresponding time series are
shown in Fig. 5.

3.1. Temporal characterization of the gamma-ray signal, radon
concentration and soil moisture records

The time series of the gamma-ray spectra total counts shows some
diurnal and seasonal variations. Outside rainfall events, which are
associated with spikes in the total count rate, the latter varies between
3600 and 4500 ¢ s~ ! (Fig. 5a), i.e., shows 25% variations around its
yearly average. The largest temporary increases of the total count rate
(Fig. 5b) are synchronous to rainfall events and thus also to increases of
the soil moisture content (Fig. 5¢). Soil moisture content in the 0-5 cm
depth range shows a 25% absolute difference between the minimum
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(18%) and the maximum (43%) observed values (Fig. 5c). Atmospheric
radon-222 activities range from 0.5 Bq m > to 14 Bq m>.

The 14 month-record exhibits a clear annual cycle with a maximum
of the “baseline” total counts during the end of summer-beginning of fall
(black dashed lines in Fig. 5) and a minimum signal during the end of
winter-beginning of spring (black dashed dotted lines in Fig. 5). The
seasonal maximum of total count (4500 ¢ s’l), rainfall events excluded,
coincides with the minimum values of soil moisture (20%) and the
maximum of atmospheric radon (14 Bq m~%). Conversely, atmospheric
radon reaches lower mean values when soil moisture is higher in winter
and spring, in spite of the shallower thickness of the atmospheric
boundary layer that tends to increase the near-surface radon concen-
tration during winter, and the total count signal reaches its lowest value
of the year.

The monthly averages of all the measured quantities (Fig. 6) confirm
the seasonal pattern observed in Fig. 5. Rainfall events, identified
whenever a non-zero value is recorded by the rain gauge, are excluded
from these monthly means not to take into account the effect of the
washout of radon-222 progeny on the monthly total count rates (See
section 2.1.2).

The total count rate and the count rates for 232Th, 238U, 4OK, reach a
maximum at the beginning of fall, particularly in October (4350, 32,
20.4,53.9¢s 1, respectively), while the soil moisture content reaches its
minimum (24%). Between November and December 2019, a strong
decrease of all the gamma signals is observed: —11.25% for the total
count rate (relative to its average), —12.28% for 2327 counts, —7.03%
for 28U counts and —13.26% for *°K, while the soil moisture increases
by 16%. The observed decrease for uranium counts is limited in com-
parison to potassium and thorium counts. The presence of a relatively
high concentration of atmospheric radon-222 (3-4.5 Bq m™>), especially
in February 2020, could influence the measurement of 2'“Bi by
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increasing the count rate in the U window due to 2'*Bi produced by
atmospheric radon-222.

The observed correlations and anticorrelations between the different
temporal series therefore reflect a strong influence of the environmental
factors on the time evolution of the gamma-ray signal.

3.2. Effect of environmental factors on the airborne gamma-ray signal

3.2.1. Atmospheric pressure

Cosmic ray-induced radiations constitute one of the sources of
background. This cosmic background is due to the interaction between
secondary radiations, produced by the interaction of primary charged
particles of cosmic or solar origin with the atmosphere, with the NaI(T1)
detector. Since gamma-rays emitted by radionuclides from the 238U,
232 Th day series and by “°K have energies below that of 2°°TI at
2615 keV (except a few gamma rays from 2'“Bi with extremely low
yields), all the counts measured in the 2900-3066 keV energy range
window of the Nal(Tl) spectrometer result from such interactions. The
2900-3066 keV energy range is therefore referred to as the cosmic
counts window.

There are several variables that could affect the intensity of this
signal, such as solar activity, atmospheric pressure, location and altitude
of the detector.

Over this 14 month-campaign, we investigated how atmospheric
pressure affects the number of secondary cosmic radiations detected.
The result is presented in Fig. 7. A strong negative linear correlation
between the cosmic count rate in ¢ s~ and atmospheric pressure was
found with a Pearson correlation coefficient of 0.76. This negative cor-
relation is called the barometric effect (Myssowsky and Tuwim, 1926; de
Vries, 2012).

An increase in air pressure of 50 mbars leads to a decrease of
approximately 0.4 ¢ s in the cosmic counts window. Over this energy
range, each crystal of the detector measured approximatively the same
cosmic counts with a mean value of 0.45 ¢ 571,

Strickly speaking, the atmospheric pressure therefore influences the
correction to be applied to the count rates. Here, we applied a mean
cosmic correction derived from the whole dataset of 2.85, 2.48 and 1.87
¢ s! for the energy windows of 40k, 238y, 2327, respectively. These
values were obtained by extrapolating the mean spectrum obtained in
the 2900-3066 keV energy range (with 30 keV bins) to lower energies,
using a power law.

A Fourier analysis was performed on the whole dataset, rainfall
events included, for the 23?Th, “°K and cosmic count rates, for

2.0

1.9

1.8

Cosmic counts (c.s™1)

1.7

a =-0.0076 = 0.0004
1.6/ b=899+0.14

920 930 940 950 960
Atmospheric pressure (mbar)

Fig. 7. Cosmic counts in ¢ s ' in the energy window 2900-3066 keV as a

function of the atmospheric pressure in mbar. A strong negative correlation is
observed with a R? = 0.76. The linear fit is represented by the black line.
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atmospheric pressure, temperature and for soil humidity (Fig. 8a). In
addition to a diurnal cycle that will be discussed in association with soil
humidity variations (see Section 3.2.3), the Fourier spectra of 232Th and
40K count rates reveal the presence of a semi-diurnal cycle that is also
clearly visible in the pressure and temperature spectra (Fig. 8a) and in
the daily average of atmospheric pressure derived from the whole
dataset (Fig. 8b). This correlation could have two explanations, which
could act in concert. Indeed, variations of atmospheric pressure will
induce variations of gamma-ray attenuation (with higher pressures
leading to lower signals), but also variations in cosmic ray background
(with higher pressures leading to lower cosmic background, and thus to
lower signal as well). However, the Fourier spectrum of the cosmic count
rate does not reveal any detectable diurnal nor semi-diurnal variations,
which suggests that the effect of pressure on gamma-ray attenuation is
dominant in the 12 h signal. The pressure and temperature spectra also
exhibit characteristic frequencies with periods of 8 and 6 h, which seem
to be too faint to induce detectable variations in the gamma-ray signal.
The periods of 24, 12, 8 and 6 h seen in these spectra result from thermal
atmospheric tides, which are known to be rich in harmonics.

3.2.2. Rainfall events

We identified 2517 hourly data points associated with a rainfall
event, as measured by the rain gauge, representing a total of 24.8% of
the data. We observed different patterns of precipitations over the year
like short intense rains lasting a few minutes or a succession of light
drizzle for several hours. Precipitations can have a large effect on the
count rates in the U window and thus on the total count rate as well, as
seen in the time series of the gamma-ray total counts, U count rate and
rainfall intensity shown in Fig. 9. Rainfall events are associated with
spikes in the total count rate and in the U count rate.

Fig. 10 (a) shows a positive relationship between the rainfall in-
tensity in mm h™! and the increase in the uranium count rate window in
percent. This trend is established from the analysis of 278 individual rain
episodes. It reflects the increase of the efficiency of the washout of
radon-222 progeny (>**Pb and 2!*Bi), which behave as free aerosols or
attach themselves to other aerosols in the atmosphere with rainfall in-
tensity, which appears to be linear over this range of rainfall intensities
(R? = 0.95).

Over the whole dataset, we observe a typical rainfall effect on the
count rate in the U window, which could lead to an overestimation of U
concentration in the ground by a factor ranging from 10 to 300%, with
an average value of 30% (over a terrain containing an average uranium
abundance of 38.9 Bq kg_l). Charbonneau and Darnley (1970) observed
an even stronger effect, with an overestimation of more than 2000% of
the concentration of U in the ground.

Each individual rainfall episode has typically an influence on the
gamma spectra for ~3 h (after the end of the rainfall event), corre-
sponding to the time necessary for the deposited short-lived radon-222
progenies to decay. The disturbed signal then reaches a level below the
one measured prior to the rainfall event due to a persistent increase of
soil moisture associated with the precipitations (yellow dashed line in
Fig. 10 (b)).

3.2.3. Soil moisture

Soil moisture has a strong effect and varies on different timescales,
due to the gradual drying of soils and to precipitation events.

The Fourier spectra of 2*2Th and “°K count rates reveal the presence
of a strong diurnal cycle (period of 24 h), which is also seen in the soil
humidity spectrum (Fig. 8a). Both are probably related to the diurnal
variations of surface temperature. Larger temperatures reduce soil
moisture, which in turn increase the gamma-ray signal, as seen in figure
(Fig. 11), which represents the global average daily cycles of 2>2Th count
rate and soil moisture (0-5 cm). The small time lag between the two
curves can be explained by the inertia of the soil drying/humidification
process over this depth range, while the increase of the gamma-ray
signal starts as soon as the surficial layer is drying up or wetting. The
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small early morning increase in the 232Th count rate (~3-4 a.m.) is
related to the semi-diurnal variation of atmospheric pressure reaching a
minimum over this time period, as discussed in section 3.2.1 (Fig. 8b).
The same effects are observed with the 4°K count rate (not shown).

The observed relationship between the airborne 232Th, 4°K and 238U
count rates, and the degree of water saturation in the soil is shown in
Fig. 12. A variation of 24% of the volumetric soil moisture between dry
(19%) and wet conditions (43%) induces a reduction by 23.6% of the
232Th count rate from 34 to 27.5¢s ™! (Fig. 12a) and by 23.9% of the 40
count rate from 57 to 46 ¢ s”! in Fig. 12b. Accordingly, two airborne
surveys performed in summer and in winter could show notable differ-
ences, up to 25% for the radionuclides concentration measured at P20A-
CRA, which is not due to the migration of radionuclides in the soil but
generated by variations of soil moisture.

A linear relationship exists between the attenuation coefficient and
the soil moisture content (e.g. Grasty and Minty, 1995; Cook et al., 1996;
Minty et al., 1997; TAEA, 2003). The gamma-ray signal measured by a
spherical detector at an elevation h above the ground varies with soil
moisture content with parameters and notations adapted from Kogan
et al. (1971) and Grasty (1975) as:

AnnEy(uh)/2 a

Ann E;(uh) _ _
Hy Py ary T 1y Py W b+cw

(w) =
2 ﬁs ps€0 + ﬁw Pw €3S,

(€8]

where ®(w) is the gamma-ray count rate, A is the cross-sectional area of
the detector, 7 is the photopeak detection efficiency, n the number of
photons emitted by unit volume of soil, E; is the exponential integral of
the second kind, h is the height of the detector above ground, y is the
linear attenuation coefficient in air, and are the gamma-ray attenuation
coefficients by unit mass of solid matter and water, respectively, p; is the
solid density of the soil constituent, pp 4ry is the dry bulk density of the
soil, py is the water density, Sy, and w are the volumetric soil moisture
contents by unit volume of pore space and soil, respectively, and is the
dry porosity.

By using Equation (1), we can fit the measured count rates as a
function of soil moisture. The water density was set to a fixed value of
1000 kg m 2 and the attenuation coefficients in the soil and in water are
those from NIST for each radionuclide (Table 3). These parameters, and
thus the parameter c of Equation (1), are fixed in the fitting procedure.
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The parameters a and b are adjusted by a least-square method. The dry
bulk soil density is then derived from the parameter b.

As seen in Fig. 12, there is a good agreement between the theoretical
fit based on Equation (1) and the data, rainfall events excluded. The
value of the dry bulk density obtained from each theoretical fit
(1185 kg m 2 for 232Th, 1210 kg m~ for *°K and 1160 kg m~2 for 238U),
is very similar to the dry bulk density measured in situ
(1200 =+ 44 kg m™3).

The inverse proportionality observed between the gamma-ray count
rate and the soil bulk density, which has a linear dependence with soil
moisture, describes the measured variations of 2?Th and “°K very well,
and agrees with previous studies (Carroll, 1981; Grasty, 1997; Baldon-
cini et al., 2019). Equation (1) is not sufficient, however, to account for
the variability observed for 238y, which shows deviations of up to 50%
from the theoretical fit (Fig. 12c).

Soil moisture could therefore be the most influential environmental
factor on the 232Th and “°K count rates, but it cannot explain by itself the
dispersion shown in the uranium count rate.

3.2.4. Atmospheric radon

The presence of radon-222 in the atmosphere constitutes another
important source of background. With its relative long half-life, this gas
is frequently used for atmospheric studies (Jacobi and André, 1963;
Genthon and Armengaud, 1995; Jacob et al., 1997; Zahorowski et al.,
2004; Meslin et al., 2006; Williams et al., 2011; Florea and Duliu, 2012;
Botha et al., 2018). While *°K and 232Th (*°®T1) are mostly distributed in
the soil, 214Bi—garnma radiation, used to measure 2%%U, has an atmo-
spheric component due to the exhalation of radon-222 produced in the
soil. The radon-222 activity level measured at one location can have a
local or regional origin and can vary with several environmental factors
such as wind speed and wind direction.

Its exhalation rate varies mainly with U concentration in the soil, soil
moisture, porosity and to a lower extent, permeability (Ball et al., 1991;
Meslin et al., 2011; Griffiths et al., 2010; Karstens et al., 2015). The
average radon-222 exhalation rate for the Earth’s surface is 20 mBq m ™2
st (Whittlestone et al., 2006).

Asseen in Figs. 5d and 6e, the observed radon-222 vol activity ranges
from 0.5 to 14 Bq m ™~ with the highest monthly mean value occurring in
the beginning of fall when the soil is driest. In addition, a difference in
radon concentration was observed between the three heights (1 m, 30 m
and 60 m) during most of the nights, indicating the presence of a
negative vertical gradient at night. The seasonal variations of radon
concentration, however, were similar at all heights. As a rule, the at-
mospheric radon-222 concentration was found to be larger during
nighttime than during daytime, due to the stable thermal stratification
and low turbulent mixing of air at night.

In order to observe the influence of atmospheric radon-222 on the
214Bj measurement in the time series, we investigated the variations of
uranium count rate, radon-222 concentration and soil moisture over the
00 h-06 h time span. Indeed, if an increase of U count rate and radon-
222 activity concentration is observed during this time period while
the soil moisture remains constant (because it is colder than in the day),
then this increase can be attributed to atmospheric radon-222.

An example of a typical nighttime radon-222 event, observed on May
2nd, 2019 is presented in Fig. 13, which compares the 1 h-averaged *8U
(*'Bi) count rate in ¢ s~ (Fig. 13a), the soil moisture content in volume
percentage (Fig. 13b) and the atmospheric radon-222 activity in Bq m >
(Fig. 13c). The soil moisture content is constant over the 6 h-timeframe
with an average value of 29.5% vol. and a dispersion of 0.01% vol.
during this event. The patterns of uranium count rate and atmospheric
radon-222 are very similar with a peak maximum observed at 1 a.m.



J. Amestoy et al.

Journal of Environmental Radioactivity 237 (2021) 106695

~32 : @ | 5=3850
' +£1.27
2 30/ b=461
5 £0.21
B
a2 c=4.27
5 +£0.06
=
£ 26 R*=0.82
e a=65.60
T 92| +2.44
<50, b=6.38
w
£48 +0.27
8 46 c=5.83
$ 4l +0.06
e

49/ R*=0.83
2 © | a=1990
Tu} 29 + 2327
1—;’ 20! b=5.55
5 18| £0.30
[=]
S16 ¢ c=5.28
{14 +0.06
= 12/ R*=0.71

18 20 22 24 26 28 30 32 34 36 38 40 42 44

Soil moisture (% $vol.)

Fig. 12. Gamma count rates in c¢ s~ for 232Th (a), “°K (b) and 238U (c) as a function of soil moisture content (using hourly averages). The gray line represents the
curve fit from equation (1). The parameters and the determination coefficient for each theoretical fit are presented. The rainfall data are excluded from this analysis.

Table 3

Attenuation coefficients in the soil (supposed to be SiO5) and in water.
Element Isotope (m? kg’l) (m? kg’l)
Potassium 40 5.26 x 1072 5.83 x 1072
Uranium 214gj 4.77 x 1073 5.29 x 1073
Thorium 2087] 3.89 x 1073 4.27 x 1073

(16.8 ¢ s’l, 4.7 Bq m ) followed by a constant decrease until 6 a.m. A
loss of 1.36 ¢ s~! is associated with an atmospheric radon-222 decrease
of 2 Bg m 3. A 40% increase of atmospheric radon-222 activity con-
centration (1.33 Bq m’3) leads to a 5% increase in the uranium count
rate (0.75 ¢ s~ 1) between 1 a.m. and 2 a.m.

We have identified at least 350 clear radon-222 events in the whole
dataset with a mean increase of 1.30 + 0.08 ¢ s~! for an atmospheric
radon-222 activity concentration of 2.00 + 0.21 Bq m~>. The atmo-
spheric radon-222 activity influences the uranium count rate by +
3.8%/Bq m 3. This value is obtained for a mean soil 2®U concentration
of 38.9 Bq kg ! dry soil. Since the contributions from the subsurface and
atmospheric components to the U signal are independent of each other
and are summed-up, this influence can be scaled by the uranium con-
centration in the soil measured at P20A-CRA, so that it can be extrap-
olated to any other site whose uranium concentration is known. This
yields an influence of 148%,/Bq m ™3 for a soil containing 1 Bq kg™! of
uranium, or 148%,/Bq m~3/kg Bq *(U), as the relative contribution of
the atmospheric compartment decreases as the U concentration in the
soil increases.

Fig. 14 shows the difference between the apparent 2*%U count rate
and the theoretical fit of Fig. 12 as a function of radon-222 activity in Bq
m~3. A 3-h running mean was applied to the dataset. A strong linear

10

relationship between those parameters was found. Radon-222 seems to
be responsible for the largest difference observed between the 238U
count rate and the theoretical fit.

Radon-222 variations and rainfall events probably obscure the 12 h
and 24 h frequencies for uranium in the Fourier analysis shown in
Fig. 8a, although a small peak at 24 h is observed. The near-surface
accumulation of radon at night (which increases the apparent ura-
nium) is indeed out of phase with respect to the daily minimum moisture
responsible for the increase of the gamma-ray signal discussed earlier.
The impact of radon-222 on an airborne gamma-ray survey is therefore
far from negligible and will of course vary with the atmospheric radon-
222 activity at the time of the survey. For example, at P20A-CRA, this
impact could vary by a factor of 28 between the two extremes of the time
series for a day in winter and a day in summer.

4. Conclusions

Over a 14 month continuous campaign from April 2019 to June 2020
we simulated a hover flight or airborne gamma-ray survey at a typical
altitude of 50 m with a NaI(T1) spectrometer, at the Pyrenean Platform
for Observation of the Atmosphere (P20A) on the Centre de Recherches
Atmosphériques site, in Lannemezan, France.

The influence of key environmental parameters such as atmospheric
pressure, rainfall, soil moisture and atmospheric radon-222 on the
gamma-ray signal was investigated. Each of these parameters can have a
significant influence:

e The negative linear correlation between air pressure and cosmic
count rate is observed with this long-term monitoring. Variations in
atmospheric pressure lead to fluctuations of the cosmic count rate
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low radon concentrations result from the fact that the fit shown in Fig. 12 (c) is
applied to the raw data, i. e, not corrected for the effect of atmospheric radon.
As a result, large radon concentrations tend to push the fit upward.

used in the data processing of approximately 5% for 10 mbar. The
semi-diurnal variation of atmospheric pressure, related to thermal
atmospheric tides, also induces a semi-diurnal variation of the
apparent 232Th and “°K concentrations, which results from a weaker
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gamma-ray attenuation when the pressure decreases, rather than an

increase of the cosmic background.

Rainfall events can increase the uranium count rate by 300% and the

total count rate by 100%. A 3-h period is needed to completely

remove the anomalous count rate stemming from the washout of
radon-222 progeny.

Soil moisture has an average value of 25%, varying from 18% in

summer to 43% in winter. The same amount of variation is observed

for the thorium and potassium count rates but not for the uranium
count rate. The diurnal cycle of soil moisture also induces a diurnal
cycle in apparent 2*?Th and *°K concentrations.

e The atmospheric radon-222 activity influences the uranium count
rate by about +3.8% per Bq m ™2 for a soil 222U concentration of 38.9
Bq kg ! dry soil, which translates into an influence of 148%/Bq m ™3/
kg Bq’l(U) for other sites.

The observed temporal variations of the total count rate were related
to the evolution of one of the above environmental factors. The effect of
potassic and phosphate fertilizers inputs was not assessed in this study
due to the absence of such agricultural practices in the field of view of
the spectrometer.

Precise measurements of K, U, Th and artificial radionuclides, for
example to study their mobility in the environment over long time pe-
riods, or to monitor their spatial distribution for geological or radio-
logical surveys, depend crucially on the knowledge of these factors.
Future work will focus on the implementation of corrections needed to
account for the variations of such factors. This study also follows-up
with the work of Baldoncini et al. (2019) in showing the potential of
gamma-ray spectrometry for long-term monitoring of soil moisture at a
scale (~200 m in this study) intermediate between in situ and satellite
observations.
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