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a b s t r a c t

In order to exploit 222Rn as a naturally-occurring tracer in soils we need to sample and measure radon
isotopes in soil gas with high spatial and temporal resolution, without disturbing in situ activity con-
centrations and fluxes. Minimisation of sample volume is key to improving the resolution with which soil
gas can be sampled; an analytical method is then needed which can measure radon with appropriate
detection limits and precision for soil gas tracer studies. We have designed a soil gas probe with minimal
internal dead volume to allow us to sample soil gas volumes of 45 cm3. Radon-222 is extracted from
these samples into a mineral oil-based scintillation cocktail before counting on a conventional liquid
scintillation counter. A detection limit of 320 Bq m�3 (in soil gas) is achievable with a 1 h count. This
could be further reduced but, in practice, is sufficient for our purpose since 222Rn in soil gas typically
ranges from 2000e50,000 Bq m�3. The method is simple and provides several advantages over
commonly used field-portable instruments, including smaller sample volumes, speed of deployment and
reliability under field conditions. The major limitation is the need to count samples in a liquid scintil-
lation counter within 2e3 days of collection, due to the short (3.824 day) radioactive half-life of 222Rn.
The method is not applicable to the very short-lived (55 s half-life) 220Rn.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Radon isotopes (220Rn and 222Rn) occur naturally in all soils due
to the decay of the parent nuclides 224Ra and 226Ra, which ulti-
mately derive from radioactive decay of 232Th and 238U, respec-
tively. Radon-220 (thoron) and 222Rn (radon) both undergo alpha
decay; each gives rise to a series of short-lived alpha- and beta-
emitting progeny which can impart significant radiation doses
when inhaled. Thus, many studies of radon gas are driven by the
need to quantify radiation doses due to the efflux of radon from soil
into the atmosphere above, especially when this occurs into
buildings. However, radon gas can also be used as a naturally-
occurring tracer which can assist in predicting earthquake risk
(Papastefanou, 2007) and in quantifying gas transport in soils.
Radon flux measurements have previously been used to determine
diffusive properties of surface soils (Dorr and Munnich, 1990;
Lehmann et al., 2000; Huxol et al., 2013) and also the diffusive

transport characteristics of the near surface atmosphere within
short vegetation canopies (Nemitz et al., 2009). There is potential to
use radon in awider range of applications, but we need flexible and
easily applied methods to measure activity concentrations in soil
profiles. Soils are complex: porosity and tortuosity vary spatially,
whereas water content varies both spatially and temporally. Each of
these properties exerts a strong influence on the effective diffu-
sivity of gases, including radon, in soils (Rogers and Nielson, 1991).
Thus, we need to be able to sample and measure radon isotopes in
soil gas with high spatial and temporal resolution, preferably in
ways that disturb in situ activity concentrations and fluxes as little
as possible.

Numerous methods can be used to sample and measure radon
in soil gas. These include detectors such as the Clipperton probe
(Monnin and Seidel, 1998), Barasol™ (www.algade.com) or electret
ion chambers which can be embedded directly in the soil for pe-
riods ranging from days to years (Antonopoulos-Domis et al., 2009).
For long termmeasurements, gas-permeable tubes can be buried in
the soil, through which air is circulated and radon measured at the
surface using a suitable detector (Lehmann et al., 2000). Shorter-
term measurements can be made by driving narrow tube
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samplers into the soil and extracting soil gas under suction at
defined depths. Dorr and Munnich (1990) sampled soil gas by
driving a narrow (6 mm∅) stainless steel tube with a perforated tip
into the soil to depths ranging from 5 cm to as deep as 10 m. They
extracted 200e300 cm3 of soil gas by pumping through the tip of
the sampler at a rate of 400 cm3 minute�1. In a soil with air-filled
porosity of 40%, a soil gas sample of 300 cm3 will be drawn from
a spherewith 5.64 cm radius, assuming homogeneous and isotropic
pore structure. This would give an uncertainty of almost 12 cm on
the vertical position of the sample. As soil wetness increases, so
does this uncertainty; with an air-filled porosity of 20%, the
notional sampling sphere of a 300 cm3 gas sample has a radius
greater than 7 cm and the minimum spacing of adjacent samples is,
for all practical purposes, 10 cm. Similarly, the minimum depth of
sampling is 10 cm below the soil surface. Reducing the volume of
the soil gas sample will increase the spatial precision with which it
can be taken (Born et al., 1990). Fig. 1 indicates that, as sample
volume is reduced to less than 100 cm3, the effective sampling
radius, hence the positional uncertainty on the sample, falls rapidly.
Fig. 1 also shows that the smaller the gas sample, the less the in-
fluence of soil wetness (i.e. effective porosity) on the positional
uncertainty on the sample. Taking smaller soil gas samples also
reduces the risk of drawing air from the above-soil atmosphere
between the outer surface of the sampling tube and the soil.

Some field-portable radon monitoring instruments (e.g. RAD7™
and AlphaGUARD™) are able to pump soil gas from sampling tubes,
either in one-off volumes or on a continuous cycle in which sam-
ples are taken every few minutes for as long as necessary (www.
durridge.com; www.saphymo.com). The minimum volumes
required for one-off samples are in the order of 2 dm3, with cor-
responding sampling radii ranging from 10 to 20 cm, depending on
the effective porosity of the soil; some studies using stand-alone
radon monitors have used sample volumes as large as 5 dm3

(Schroth et al., 2012). While such instruments are convenient to
use, they are limited in their ability to take samples with high
spatial and temporal resolution.

The aim of the current study was to develop and test an alter-
native method to allow small volume samples of soil gas to be
collected with high precision, both spatially and temporally, and for
these samples to be analysed for 222Rnwith sufficient accuracy and
precision for soil gas transport studies.

2. Methods

A probe (Fig. 2) was designed to allow small volume samples of
soil gas to be taken quickly and conveniently down to soil depths of
1 m. This consists of a length of aluminium tube (8 mm external
diameter) with a pointed tip behind which numerous 1 mm holes
are drilled over a length of 2 cm. A flexible silicone rubber tubewith
narrow (0.8 mm) internal bore passes through the external
aluminium tube and is sealed into position near the perforated
sampling tip with a silicone rubber plug. The design minimises
‘dead volume’ within the sampler (~0.5 cm3 in the sampler head
and 0.5 cm3m�1 in the silicone tube). The length of aluminium tube
can be varied from 15 cm to 1 m, to suit the required depth of
sampling. A brass elbow joint at the upper end of the aluminium
tube provides a conduit in which the silicone rubber tube is pro-
tected from the pressure needed to push the tube sampler into the
soil to the required sampling depth. A plastic tap with a Luer fitting
allows a disposable 20 cm3 syringe to be attached to the end of the
silicone rubber tubee this syringe is used towithdraw a gas sample
through the sampling probe from the required soil depth.

In practice the first aliquot (<5 cm3) of soil gas withdrawn from
the sampler, which includes the ‘dead volume’, is discarded. 15 cm3

of soil gas are then withdrawn and injected into a pre-evacuated
glass vial (Exetainer®, www.exetainer.com) through a rubber
septum. Each vial (12 cm3) is prepared by half-filling with 6.6 cm3

of a liquid scintillation cocktail (Pro-Scint Rn™, Meridian Bio-
technologies Ltd.), leaving an evacuated volume of 5.4 cm3.
Injecting 15 cm3 of soil gas into this volume results in an ‘over-
pressure’ of approximately 2 bar. A further two 15 cm3 aliquots of
soil gas are withdrawn from the soil via the sampling probe and
injected into separate Exetainer® vials, thus giving triplicate vials
for each sampling point and a nominal total of 45 cm3 of soil gas
extracted per sampling point (experimental analysis of Type A error
gave an actual value of 44.89 ± 0.03 cm3). If a vertical profile of soil
gas samples is needed, the probe is inserted to the shallowest depth
(usually 10 cm from the soil surface) from which triplicate gas
samples are withdrawn. The probe is then pushed to the next
sampling depth and the procedure repeated until soil gas samples
have been taken over the required sequence of depth intervals.

Once injected into the Exetainer® vials, 220Rn and 222Rn are free
to partition into the liquid scintillation cocktail. Pro-Scint Rn™ is
mineral oil-based and contains 20e40% ‘pseudocumene’ (1,2,4-
trimethylbenzene) as a liquid scintillator. It was chosen for this
application as it is specifically formulated to ‘extract’ radon from
water or gas samples with a partition coefficient of approximately
50 (Clever, 1979). The extraction process is facilitated by shaking
the vials vigorously by hand before transporting to the laboratory
where, after at least 1 h contact time, the liquid contents of the
triplicate Exetainer® vials are decanted into a single low-potassium
borosilicate glass scintillation vial, giving a 20 cm3 volume of
scintillation cocktail per vial. The scintillation vials are then placed
into a liquid scintillation counter (we used a Packard Tri-Carb
2100TR) where they are dark-adjusted for 3 h before counting
across an energy range from 0 to 2 MeV. By the time the vials are
counted any 220Rn (T½ ~ 55 s) has completely decayed and counts
collected should result solely from 222Rn and its short-lived prog-
eny, 218Po, 214Pb, 214Bi and 214Po. With physical half-lives of
3.11 min, 26.8 min, 19.9 min and 0.00016 s, respectively, these
decay products need approximately 4 h to achieve secular equi-
libriumwith 222Rn. Thus, the dark-adjustment period, plus the time
needed to count a reagent blank ‘background’ sample (1 h), ensure
that the samples contain combined activities of parent and progeny
which are representative of the original 222Rn activity in each soil
gas sample.

Each sample is counted for 1 h and the sample activitiesFig. 1. Influence of soil gas sample volume on effective radius of soil sphere sampled.
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