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ABSTRACT

A common method to measure radon exhalation rates relies on the accumulation chamber technique. Usually,
this approach only considers one-dimensional gas transport within the soil that neglects lateral diffusion.
However, this lateral transport could reduce the reliability of the method. In this work, several cylindrical-
shaped accumulation chambers were built with different heights to test if the insertion depth of the chamber into
the soil improves the reliability of the method and, in that case, if it could limit the radon lateral diffusion effects.
To check this hypothesis in laboratory, two reference exhalation boxes were manufactured using phospho-
gypsum from a repository located nearby the city of Huelva, in the southwest of Spain. Laboratory experiments
showed that insertion depth had a deep impact in reducing the effective decay constant of the system, extending
the interval where the linear fitting can be applied, and consistently obtaining reliable exhalation measurements
once a minimum insertion depth is employed. Field experiments carried out in the phosphogypsum repository
showed that increasing the insertion depth could reduce the influence of external effects, increasing the re-
peatability of the method. These experiments provided a method to obtain consistent radon exhalation mea-
surements over the phosphogypsum repository.

1. Introduction

A relevant factor to take into consideration while studying radon
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gas is its exhalation from soils. Exhalation measurements have been
used extensively to assess radon risk areas such as fault zones, uranium
mines or some waste repositories (Chen et al., 2018; Jonas et al., 2017;
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Sun et al., 2004; Abril et al., 2009). Furthermore, it is a relevant topic in
atmospheric sciences, as it is widely used as an atmospheric tracer
(Levin et al., 2002; Cristofanelli et al., 2015; Ielsch et al., 2001). There
exist several procedures to measure the exhalation rate, such as acti-
vated charcoal canisters (Alharbi and Akber, 2014; Tsapalov et al.,
2016), electrets (Kotrappa, 2015; Grossi et al., 2008) or accumulation
chambers (Jonassen, 1983; Duenas et al., 1997), among others. In the
last decades, there has been an extensive research using accumulation
chambers, where several mathematical fits can be used to extract the
exhalation rate from the radon accumulation curve inside the chamber.
One of the key aspects of this method has to do with the leaks of the
system, which restricts the applicability of the linear fit (Abo-Elmagd,
2014). In order to increase it, the leaks influence needs to be reduced as
maximum as possible. On the other hand, some studies (Sahoo and
Mayya, 2010) have pointed out that an important limitation of the
accumulation method lies in the fact that is based on one-dimensional
radon transport inside the soil. As a consequence, lateral diffusion
produced under the chamber may increase the effective radon leaks of
the system and alter the method’s reliability.

A possible strategy to check and face these last issues, which is
proposed and tested in this work, is to increase the insertion depth of
the accumulation chamber into the soil. This procedure could help to
reduce the effects of lateral radon diffusion by obstructing the lateral
radon pathways near the chamber. Several cylindrical chambers with
the same area and volume but with different insertion depths were
designed and built to test the effect of the insertion depth into the soil
on the leaks of the measurement system and on the reliability of the
technique. These chambers were tested on laboratory and field mea-
surements.

The material used to test these chambers was phosphogypsum (PG)
collected in a repository generated by the fertilizer industry in the city
of Huelva, to the southwest of the Iberian Peninsula. This industry
produced phosphoric acid using phosphate rocks, with high levels of
radioactive elements from the >*U series, producing PG as a byproduct.
This material has *?°Ra concentrations of 650 + 50Bq kg™ ! and is
classified as a Naturally Occurring Radioactive Material (NORM). The
PG was stacked in piles in the estuary of the Tinto river, less than 1 km
from the urban area, covering an extension about 1000 ha. As a con-
sequence, the repository was identified as a potential source of radon
gas (Abril et al., 2009; Bolivar et al., 1996; Duenas et al., 2007; Lopez-
Coto et al., 2014; Hernandez-Ceballos et al., 2015).

To perform laboratory experiments, two reference exhalation soils
were made with PG from those piles, simulating its surface, and al-
lowing to study radon exhalation measurement systems based on the
accumulation chamber method. To summarize, the main goals of this
work are to evaluate the influence of the lateral diffusion on the system
leaks and to reduce those undesired leaks, improving the reliability of
gas accumulation methods for measuring radon exhalation while
keeping the simpler one-dimensional mathematical approach.

2. Experimental and methods
2.1. Theoretical framework

As previously cited, one of the typical procedures to measure radon
exhalation relies on the accumulation chamber method (Fig. 1). Radon
exhaled from the ground is forced to stay inside the chamber and the
exhalation can be obtained fitting the growth curve to a known equa-
tion.

This method supposes that the radon travels vertically through the
soil and exhales to the ambient air once it reached the surface. The
behaviour of radon accumulating inside the chamber can be approxi-
mated by the following equation (Jonassen, 1983; Lépez-Coto et al.,
2009; Seo et al., 2018):

Journal of Hazardous Materials 393 (2020) 122344

Fig. 1. Scheme of the accumulation chamber method.
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where:

e C(t) Radon concentration inside the chamber (Bg m~3)
® F, Free Exhalation rate (Bqm=2h™!)

e S Chamber-Soil Surface (m=2)

e V Accumulation volume (m™3)

® Jr, Radon decay constant (s~!)

e 1, Bound exhalation constant (s1)

e }; Leakage constant (s~!)

This equation describes a balance between radon generation, pro-
duced by exhalation from the soil, and several radon removal processes,
such as radon decay, bound exhalation (Lépez-Coto et al., 2009;
Kernfysisch V.I. Aldenkamp et al., 1992) and possible leaks in the
measurement system, considering these three processes linearly pro-
portional to radon concentration. It is important to note that the
‘leakage’ constant term includes all effects aside radon decay and
bound- exhalation, including but not limited to lateral radon diffusion
and actual leaks in the measurement system. The solution for Eq. (1) is:

C(t) = Csr + (Co — Csat)e_ﬂef[ 2

where A, is the effective decay constant, the sum of the three radon
removal constants, and, Cy,, the saturation concentration.

However, Eq. (1) can be simplified supposing that the initial con-
centration inside the chamber is negligible respect to the saturation
concentration, (Jonassen, 1983; Seo et al., 2018; (Kernfysisch V.I.
Aldenkamp et al., 1992; Onishchenko et al., 2015). Applying this con-
dition, the radon accumulation inside the chamber is described by:

Ct) = Cor(1 — eilcft) 3

A fundamental parameter in Eq. (3) is A,;, which dictates how much
time the system will need to reach saturation. With lower 1, radon
grows linearly in the first moments of the accumulation. Thus, the ex-
ponential term of Eq. (3) can be approximated by 1 — 4,s¢, obtaining a
linear relation between radon concentration in the chamber and the
time, given by the equation:

C(t)lieft«l ~ Csatleft 4)

In order to get the free exhalation rate, Ey, it is necessary to apply its
relation with the saturation concentration and the effective decay
constant:

|4

Ey = CSat/IefE )

Eq. (5) provides a way to obtain the free radon exhalation rate after

fitting the radon growth to the exponential fit (eq. (3)) or the linear fit

(eq. (4)). Both of this equations considered the initial concentration to
be exactly zero.
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2.2. Linearity time

The linearity time can be used to decide whether to apply the ex-
ponential or linear fit (Gutiérrez-Alvarez et al., 2019). This parameter
can be calculated from the ratio between the free exhalation rate pre-
dicted by the simplified linear model, Ej;,, and the corresponding ex-
ponential one, E,,. Combining Eq.s (3),(4) and (5):

B _ (= e
Eop Aot ©

This ratio allows to stablish the maximum acceptable deviation
between the two models. Taking into account the experimental un-
certainties of the radon measurements, a 20 % variation could be an
acceptable level (Ej,/Eep = 0.8). Eq. (6) can be numerically solved
under this assumption, obtaining the following relation:

/lef tin = 0.46 @)

where f;, is the linearity time, the maximum time the linear ap-
proximation can be used to calculate the free exhalation rate before it
differs 20 % from the real value.

2.3. Reference exhalation soils

The radon accumulation experiments were carried out in laboratory
over two reference exhalation boxes, RB1 and RB2, made with two
polypropylene rectangular boxes containing a layer of PG from the
NORM repository. These rectangular boxes had an empty volume of
172L with an interior surface of 0.44 m> The polypropylene was
chosen to minimize leakages while the dimensions allow measuring
inside the boxes with accumulation chambers of different sizes (Fig. 2,
a). Two covers were also built to hermetically close the reference boxes
and force the radon to stay inside (Fig. 2, b). Different quantities of PG
were deposited on each box to obtain distinct exhalation rates. More
precisely, 35 kg were deposited on RB1 while 70 kg were used on RB2.
The layer of PG reached 7 and 14 cm height whereas the volume left for
radon accumulation was 148.1 L and 117.2 L, respectively.

The reference free exhalation rate for RB1 was
Eolggy = 47.7 £ 0.7Bgm=2h7!, and Eglg, = 84.5 + 0.9Bgm=—2h~! for
RB2. From now on, the ratio between the measured free exhalation rate
and the corresponding reference one will be used. The design and
evaluation procedure of these reference exhalation soils was described
in a previous work (Gutiérrez-Alvarez et al. (2019)).

To estimate the expected free exhalation rate, different parameters
of the soils like its radium content, porosity and radon emanation
factor, among others, need to be taken into consideration. Several ap-
proximations have been used to do this (Porstendorfer, 1994; Zhuo
et al., 2006). The free radon exhalation rate is finally obtained as fol-
lows:

2o
Eo = €pAgn Cratgh (=
0 = EPARn CRa 8 (lo) ®)

Insertion

Reference Chamber
Exhalation Box

Airlnl TAirOut

Accumulation
volume
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where ¢ is the emanation factor, p is the density, Cg, is the soil’s
radium concentration, z, is the height of the soil layer and I, is the
radon diffusion length.

The reference exhalation boxes designed in this work have a thin
layer of PG which can be neglected in comparison with the radon dif-
fusion length, which is around 1 m in this material (Keller et al. (2001)).
In this case, (8) can be approximated by:

Ey = g0Agn CraZo (C)]

Once the characterization of the PG properties was made (Lopez-
Coto et al., 2009), the theoretical free exhalation rates obtained were
Ey, lrp1 = 44 + 9Bq m~2h~! and Ey lrp2 = 82 + 16 Bq m~2h71. The hlgher
uncertainty is associated to the uncertainty of the emanation factor.
These results are in good agreement with the reference free exhalation
rates measured.

2.4. Insertion chambers and measurement devices

To evaluate the influence of the insertion depth into the soil, six
accumulation chambers, insertion chambers from now on, were built to
be placed directly over the PG layer of the reference boxes (Fig. 2 a).
These chambers were cylindrical-shaped, made of polypropylene to
avoid radon leaks and had approximately the same accumulation vo-
lume and chamber-soil surface, but different height. If lateral diffusion
plays a role, this should have an effect on the accumulation curve, ei-
ther on Cg, or 2.

The accumulation volume of each chamber was measured pouring a
known amount water inside. Each chamber-soil surface was estimated
measuring the corresponding inner diameter several times across dif-
ferent axes, and computing the average. The mean accumulation vo-
lume was around 9.7 L (uncertainty 0.3 %) and the mean chamber-soil
surface was around 4.7-10~2m? (uncertainty 0.9 %). These chambers
will be referred as CX, were C refers to its cylindrical shape and X de-
notes the insertion depth in centimeters. Chamber CO is merely placed
over the measurement surface. Despite the fact that C9 chamber could
not be fully buried on RB1, it was used to test the limit case of minimal
lateral transport on RB1. In that case, the actual insertion depth was
measured and the accumulation volume was recalculated to take this
situation into account.

In addition to the insertion chambers, a rectangular-shaped
chamber (referred to as V10, for its approximated volume) was used to
compare with the accumulation chambers typically used in the litera-
ture. This chamber had a similar accumulation volume to CX chambers,
around 9.9L, with 0.1 m? of chamber-soil surface, and an insertion
depth of 2.4 cm.

The radon concentration measurements were performed by an
Alphaguard (AG) and a Rad 7 (R7). Both devices were configured to
work in flow-through mode, performing measurements every 10 min.

Air In l T Air Out Reference
1 1 Exhalation Box

/

Accumulation volume

Insertion
depth

PG

Fig. 2. Schemes of a closed reference exhalation box (a) and an insertion chamber placed inside an open reference exhalation box (b).
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Fig. 3. Effective decay constant for the different accumulation chambers put on open RB1 (a) and RB2 (b) applying the exponential fit equation. Results for closed
RB1 and RB2 are also included for comparison. The red dashed line represents the value for the radon decay constant (1g, = 2.1-107%s~!) (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).

3. Results and discussion
3.1. Insertion chamber effect on the effective decay constant

Each accumulation chamber was tested with every combination of
reference exhalation box (RB1 and RB2) and measurement device (AG
and R7). The duration of each of the experiments was around 18h,
enough time for the exponential behaviour of the accumulation curve to
appear and maximize the number of available points for the fitting. At
least 5 replicate experiments were made with each combination of re-
ference exhalation box, accumulation chamber and measurement de-
vice.

The effective decay constant results, obtained with eq. (2), for the
different chambers tested are shown in Fig. 3. Values are one or two
orders of magnitude higher than those obtained for the reference boxes,
RB1 and RB2, closed without any chamber inside, included for com-
parison. The higher the chamber is inserted into the soil, the lower is
the effective decay constant of the system. It is noticeable that values
for chamber V10 are more similar to those of CO than to those of C3.
This could be due to the higher perimeter of the former, 1.3 m, than the
perimeter of the latter, 0.8 m.

Insertion chambers show a consistent decrease in the effective decay
constant, starting around 2-10~*s~!, for chamber CO, an ending with
values nearby 2 — 3:10~°s~!, which is the value for the chamber with
the highest insertion depth in each case. This suggests the idea that
there is a limit to the reduction of the effective decay constant;
nevertheless, reaching the bottom does not guarantee the tightness of
the accumulation chamber. This fact can explain the differences in the
effective decay constant between C9 in RB1 and C14 in RB2 respect to
their corresponding reference box, RB1 and RB2.

In addition, Fig. 3 also suggests the existence of a linear relationship
between the depth of the insertion chambers and the logarithm of the
effective decay constant. The results of the linear fit can be seen in
Table 1. There is a good correlation between both magnitudes, proving

Table 1

Linear regression fit parameters between the logarithm of the effective decay
constant versus the insertion depth for the reference boxes. Slope is represented
by parameter a and intercept by b. No distinction between device was made.

Reference Exhalation Box a(em™ Y b R?
RB1 —0.108 = 0.006 —-3.69 = 0.03 0.993
RB2 —0.058 = 0.005 -3.69 = 0.04 0.97

the impact of the insertion depth in the reduction of the effective decay
constant of the measurement system. It can be noticed that both linear
regressions have the same intercept, represented by parameter b. This
points out the maximum value for the effective decay constant, which is
related to a situation with the highest radon interchange between inside
and outside of the accumulation chamber.

3.2. Measuring the exhalation rate using the exponential fit

The corresponding results of exhalation rate for the insertion
chambers can be seen in Fig. 4. In general, there is a good agreement
with the reference, with the exception of CO on both reference soils. The
rest of the insertion chambers provide results within 20 % of the re-
ference in all cases. Chamber V10 stays within 20 % as well, but further
away from unity. There seems to be a reduction in the dispersion of the
results as the insertion depth increases. Nevertheless, considering that
accumulation chambers are normally inserted several centimetres, as
happens for V10, results does not seem to indicate a reduction of the
reliability of the method due to lateral diffusion.

It should be noted that there seems to be a difference between de-
vices, as the Alphaguard tends to measure values above those of Rad 7.
For the effective decay constant, Alphaguard had a lower values overall
for all chambers tested (Fig. 3). This is linked to the higher saturation
concentration reached by Alphaguard, as seen in Table 2, i.e. a lower
effective decay constant allows more radon to accumulate inside the
chamber. In any case, except for CO, these differences stay within 20 %
of the reference value, supporting the idea that the insertion depth
variations do not interfere with the radon exhalation measurement.

3.3. Exhalation rate obtained from short accumulation times

The reliability of the method must be also studied with shorter ac-
cumulation periods, as they are the typically used in field measure-
ments. In this sense, accumulation times of 30, 60, 90, 120, 300 and
600 min were considered and both the exponential and linear simplified
models were applied. The results of the corresponding experiments are
shown in Fig. 5. In this set of experiments, no distinction between
measurement devices was made to simplify the study.

The results for the exponential fit can be seen in Fig. 5 (a-b). This
approach shows an overall inconsistent prediction of the reference ex-
halation rate for shorter durations. Chambers C3, C6 and C9 on RB1 and
C3, C6, C9 and C14 on RB2 presents results within 20 % of the reference
for accumulation periods longer than 120 min. C12 and C14 shows
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Table 2

Number of total experiments, N, and average saturation concentration, Cyq, for
each combination of measurement device, accumulation chamber and reference
box. Uncertainties correspond to 1o.

Chamber ~ Device N Cg (Bqm™) [RBI] N Ceur (Bqm™) [RB2]
V10 AG 11 770 = 70 5 1380 = 40
R7 10 630 = 70 5 1350 = 40
Cco AG 10 390 = 40 5 670 = 40
R7 9 250 = 21 8 600 = 60
C3 AG 10 660 = 50 5 1040 = 30
R7 12 500 = 30 5 840 = 24
C6 AG 10 1500 = 200 5 1370 = 40
R7 9 900 = 80 5 1140 = 80
c9 AG 11 1900 = 100 6 1710 = 60
R7 9 1100 = 180 9 1600 = 240
C12 AG - - 5 2390 = 28
R7 - - 10 2600 += 900
Cl4 AG - - 5 4690 + 60
R7 - - 5 2900 + 120
Reference AG 12 12700 = 1900 17 32500 = 1500
Box R7 15 6400 = 1600 10 19000 = 4000

really poor behaviour within the first 60 min, as its lower effective
decay constant implies that it needs more time to start showing its
exponential behaviour. V10 shows a more consistent behaviour than
CO0, presenting results within 20 % of the reference with only 60 min of
accumulation. It is also noticeable how the average uncertainty can be
reduced by increasing the fit duration. This is due to the higher number
of points available to compute the parameters of the fit equation. Once
again, insertion depth does not reflect any effect on the method’s re-
liability.

The results for the linear fit appear in Fig. 5 (c—d). As expected, this
fit provides better results for the shorter accumulation times, i.e. as long
as the linear approximation holds. Attending to the results, this occurs
for longer accumulation periods in the case of chambers with higher
insertion depths. This points out the decrease in the effective decay
constant due to the reduction of the effect of the lateral diffusion, which
allows to apply the simplified linear fit for longer times. The dispersion
of the results is higher for the shorter durations, reducing its dispersion
as the accumulation time increases. As happened before, this is due to a
higher number of points available to perform the fit of the parameters.

As explained in section 2.2, the linearity time can be used to study
the applicability of the linear model to measure the exhalation rate.
Assuming a 20 % variation of the linear model, i.e. Ej,/Eeyp = 0.8, the
linearity time ranges from 30 to 40 minutes, for CO on both RB1 and

Vio CO C3 C6 C9 C12 C14

Fig. 4. Relative exhalation rate applying the exponential fit on RB1 (a) and RB2 (b), grouped by insertion chamber.

RB2, 200-300 minutes for C9 on RB1 and 250-350 minutes for C14 on
RB2. This means that, when the effective decay constant is unknown, a
high insertion depth should be used (~10cm), as it would ensure the
applicability of the linear fit during longer times, guaranteeing the re-
liability of the measurement.

3.4. In-situ measurements

On august 2018, a set of measurements were made on the phos-
phogypsum repository. Two experiments per week, eight in total, were
made with the insertion chamber C6 and the rectangular-shaped
chamber, V10, measuring the radon accumulation with an Alphaguard
and a Rad 7 in a closed-circuit flow setup. Chambers were located at a
distance of over 1 m and the experiments lasted two hours each.

In Fig. 6 the radon accumulation curves for the measurements at the
phosphogypsum repository are shown. At first sight, the experiments
using the insertion chamber C6 show a similar behaviour on all days,
while the V10 chamber presents accumulation curves with different
characteristics. On August 8th (Fig. 6 a) radon build up on C6 is almost
a straight line while V10 reached saturation in one hour after the start
of the accumulation. August 17th and 22nd (Fig. 6 b-c) show more
similarity between chambers but V10 still appears to have higher leaks,
especially on the latter. Finally, on August 29th (Fig. 6 d), the radon
growth increases at a lower rate than in the previous experiments,
reaching only 12kBq m ™2 for C6. On the other hand, V10 chamber
accumulation was not successful and, after an initial increase in the first
30 min the radon levels dropped to near zero for the rest of the ex-
periment.

On Table 3, exhalation results for all the days and experiments are
shown. Linear fits were computed removing the first 20 min of mea-
surements and using the next 30 min. This procedure allowed to avoid
the variability of the first minutes of the accumulation while keeping
enough points to perform a reliable linear regression (Gutiérrez-Alvarez
et al., 2019). Due to its special behaviour, to obtain the exhalation rate
of V10 on august 29th only the first 20 min, after removing the first 10,
were used. Finally, for the exponential fit, the first 20 min were dis-
carded using the rest of the accumulation curve for the fitting.

Experiments using C6 shows a strict linear behaviour that makes the
exponential fit difficult to use, as it is reflected by the uncertainty of the
first day. This implies a lower effective decay constant respect to the
laboratory experiments. In the case of V10 chamber, the effective decay
constants are similar to those obtained in the laboratory for the second
and third days, being higher than in laboratory on the first day. The
linear fit on C6 gave exhalation values around 2100 Bqm ™~ >h™! for the
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Fig. 5. Relative exhalation rate applying the simplified exponential fit for RB1 (a) and RB2 (b) and applying the simplified linear fit for RB1 (c) and RB2 (d), grouped

by insertion chamber.

first three days, which are consistent with the exponential fit results
obtained for V10 in the second and third days (2000 and
2100 Bqm ™~ 3h™). This situation is in agreement with the different ef-
fective decay constant of the chambers since the higher value of this
parameter for V10 makes possible to apply the exponential fit, but,
reduces the linearity time of the system to around 30—40 min, pro-
ducing lower and less reliable results for the linear fit.

The experiments in the first and last days show that the accumu-
lation curve measured in C6 was not as altered by ambient circum-
stances as the completely modified accumulation curve in V10. In this
sense, considering the exhalation results, the higher difference for V10
than for C6 between the results in the first and last days, in comparison
to those in the middle days, points to a higher exposure of the former to
ambient conditions that might influence the accumulation process.

40000 1§ ¢ ; }{{}f 1% ce b
—~ V10 $ V10
i 30000—* {i 0k .
g_ z 3
m | i | !i;;
E,ZOOOO 3 . ] iiii:
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Accumulation Time (min)
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Fig. 6. Radon accumulation experiments performed on the phosphogypsum repository on August 8 (a), 17 (b), 22™ (c) and 29™ (d).



I Gutiérrez-Alvarez, et al.

Table 3
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Exhalation rate and effective decay constant results for the experiments performed on the phosphogypsum piles, sorted by accumulation chamber, device and type of
fit. NF (Not Found) refers to experiments where the algorithm could not find appropriate parameters for the curve. The bounds for 4,; are computed considering the

maximum concentration reached in the chamber as the minimum limit for the saturation concentration.

Experiment Date Chamber Device Fit Type Exhalation (Bq m~2h™) Aef 10~ *sh
2018/08/08 Cc6 Rad 7 Linear 2300 + 200 < 13
Exp. 2500 *= 6700 0.1 = 0.3
V10 Alphaguard Linear 4200 + 200 < 3.0
Exp. 6600 = 600 4.4 £ 0.4
2018/08/17 Cc6 Alphaguard Linear 2200 * 100 < 1.3
Exp. NF NF
V10 Rad 7 Linear 1600 + 120 < 1.8
Exp. 2000 = 700 1.2 = 0.3
2018/08/22 Cc6 Alphaguard Linear 1920 + 90 < 1.0
Exp. NF NF
V10 Rad 7 Linear 1600 + 100 < 2.0
Exp. 2100 + 500 2.0 + 0.4
2018/08/29 Cc6 Rad 7 Linear 1200 = 140 < 11
Exp. NF NF
V10 Alphaguard Linear 420 = 50 < 6.0
Exp. NF NF
Unlike V10, experiments using C6 chamber appear to be more con- Writing - review & editing, Visualization. J.E. Martin:

sistent in all days, suggesting that increasing the insertion depth
strengthen the reliability of the accumulation method. This effect is to
be confirmed in future stages of the research.

4. Conclusions

In order to check the influence of lateral diffusion in the radon ac-
cumulation method, several accumulation chambers with different in-
sertion depths were built and tested on laboratory and field measure-
ments.

Laboratory tests showed that insertion depth had a deep impact on
the effective decay constant of the system, showing a linear relationship
between the logarithm of the effective decay constant and the insertion
depth. Due to the significant reduction of the effective decay constant,
these chambers allowed to apply the linear fit for longer periods of
time. Laboratory experiments suggest that chambers should be inserted
some centimeters (At least 3 or more) into the soil to provide reliable
radon exhalation measurements. The optimal insertion depth for each
case will probably depend on parameters like soil porosity, humidity or
radon emanation factor and should be studied for each case. Once this
condition is fulfilled, experiments do not seem to reflect a lack of re-
liability related to lateral diffusion.

Field measurements showed that the reduction of the effective
decay constant due to insertion depth was even higher than in la-
boratory. This effect did not allow the exponential fit to provide results
within the first 2h of accumulation due to the low effective decay
constant of the system. Experiments over the PG repository using ac-
cumulation chambers were more consistent overall with a higher in-
sertion depth, being less influenced by external conditions. This result
indicates a certain lack of reliability for shallower insertions depths.

This study confirms that lateral diffusion plays a significant role in
the effective decay constant of radon exhalation measurement systems.
This effect could be used to modify the effective decay constant and
increase the precision of the fit applied to the accumulation curve. More
in situ measurements on the PG stacks and other soils will be carried
out in the future to better quantify the effect of lateral diffusion on
radon exhalation measurements.
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