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Radon emission fluctuation 
as a result of biochar application 
into the soil
Kamil Szewczak1*, Sławomir Jednoróg2, Katarzyna Wołoszczuk2, Łukasz Gluba1, 
Anna Rafalska‑Przysucha1 & Mateusz Łukowski1

The presented research was focused on the analysis of the impact of biochar application into the 
soil on the radon exhalation process as a new issue of radiation protection in agriculture. Field 
measurements of the radon exhalation rate utilizing two methods—active and passive as well as 
laboratory measurements of the radon emanation coefficient were performed. In laboratory a soil 
samples with sunflower husk biochar were analysed using the accumulation chamber technique. At 
the final step the assessment of the effective dose for humans coming from radon exhalation from 
soil depending on biochar dose applied were evaluated. The doses of biochar applied in the analysed 
experimental fields were 0, 20, 40, 60, 80, and 100 Mg ha−1. The results show that biochar application 
into the soil contribute to a decrease in the emanation coefficient from a value around 7% to less than 
2% with a simultaneous decrease in the radon exhalation rate from 4.4 to 14.8 mBq m−2 s−1 when the 
biochar dose increase from 0 to 100 Mg ha−1.

Radon is a radioactive gas occurs in the environment as a result of the decay of radium (Ra-226) present in 
the geological base of the soil. The radon emission from the soil can be parameterized by two processes: radon 
emanation and radon exhalation. Radon emanation, commonly expressed as an emanation coefficient ε (in %), 
describes the amount of radon particles that are able to escape from soil grains into the free air-filled space in 
the soil structure. The radon exhalation rate ERn (expressed in mBq m−2 s−1) describes the amount of radon gas 
present on the ground surface. The amount of radon present in the soil air depends on the activity concentration 
of Ra-226 in the examined region, characteristic geological soil properties of the region1, and the mode of soil 
use2. Currently in compliance with the EU Directive, the specific radon hazardous regions in Europe are specified 
and the problem of radon exposure for general population was highlighted. The main reason for these activities 
is the fact that radon is the main factor of human exposure to ionizing radiation from natural sources3–6. The 
total annual effective dose for humans from radon inhalation in buildings may reach values above 8 mSv per 
year7. As proved before, the radon emission from the ground surface is governed by complex processes and is 
dependent on many factors8–10. In regions that are not influenced by human activity, such as forests or agricul-
tural wasteland, radon emissions from the soil surface depend mostly on geological characteristics11 and soil 
moisture12. However, in agricultural regions, additional factors have to be taken into account when the process 
of radon emission from soil is considered. The impact of tillage practices and soil fertilization should at least be 
considered12. In addition the amount of the radon released into the environment is a one of the factor combined 
into the mathematical model to assess humans exposure for indoor radon13.

Modern, sustainable agriculture is constantly looking for materials to improve cultivation conditions while 
having a neutral impact on the environment. One of such materials is biochar14. Biochar is a modern materi-
als examined continuously in terms of its use as a fertilizer in sustainable agriculture15,16. It is produced in the 
process of pyrolysis of organic input material, e.g. wood chips17, coconut husk18, or sunflower husk19. The main 
research trends focused on the application of biochar in agriculture include improvement of soil water retention20, 
reduction of heavy metal pollution in soil21, and improvement of the fertilization process22. Biochar is a porous 
material characterized by extremely high specific surface area23 and is a completely natural supplementation 
material. Recently, the ability of biochar to remove radioactive material from soil has been investigated24. The 
impact of biochar on environmental radioactivity has been reported recently25 showing that biochar applica-
tion into the soil even if not reducing a natural and anthropogenic radioisotopes activity concentration it could 
influence for radon emission process from soil. Even if the critical review for summarize the impact of biochar 
application into the soil was performed the assessment for radon emission was not analysed in details yet14. The 
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biochar is currently commercially used in agriculture in such a countries as Australia26, United State of America27 
and China28. In Poland the research on the biochar application for purpose of improve the soil water retention 
properties are in progress29. For purpose of agriculture the typically biochar dose applied into the soil ranged 
from 10 to 100 Mg ha−122,30,31.

As the preliminary research proved the impact of biochar for radon emission from soil25 at the presented work 
we go into the details by showing the direct influence of the biochar for two parameters describing the radon 
emission from soil—the exhalation rate and the emanation coefficient and assess how the biochar application 
could influence on radon presence in air at bigger scale.

In the present study, we analyse the impact of biochar on radon emanation and radon exhalation rates based 
on in-field measurements and examination samples in laboratory. The aim of the research was to elucidate the 
effect of biochar produced from sunflower husk applied into the soil at five specific doses on the radon emana-
tion and radon exhalation processes. Basing on the performed research we present the impact of the biochar 
application into the soil for state of the environment in the context of the radon emission. Taking into account 
the presented results and the literature data we investigate the perspectives for changes of outdoor radon emis-
sion for specific agro area where the biochar was applied around the world.

Methods
In order to study the impact of biochar application into the soil for the emanation coefficient and radon exhala-
tion rate, biochar was applied to the soil in various doses. Then, after the soil stabilization period, samples were 
taken for laboratory tests and field measurements of exhalation arte were carried out. Based on the obtained 
results, a discussion was conducted focused on the perspective of environmental changes in the context of radon 
emission from soil depending on the dose of biochar. A detailed description of the materials and measurement 
methods used to conduct the research is presented in the following subsections.

Biochar.  The biochar incorporated in the field experiment was produced from sunflower husk in the pyroly-
sis process in the temperature range of 450–550 °C and consist on grains with diameters from 50 μm up to 10 
mm. The biochar was characterized by specific surface area of 2.0 m2 g−1 in occupancy of Cu ions and 5.1 m2 g−1 
for Ag ions23.

Field experiment.  The field experiment was conducted in ten plots, each with a dimension of 1.1 m × 1.1 
m, located in Lublin/Felin at the Institute of Agrophysics of Polish Academy of Science. In addition one plot was 
left without biochar as a reference. The biochar was applied into the soil in April 2018. The soil presented on the 
fields were classified as Haplic Luvisol with 66% of sand, 23% of silt 11% of clay and 0.91% of organic matter 
(data for 0–15 cm layer)32. The following doses of biochar were applied for the following fields: 1, 5, 10, 20, 30, 
40, 50, 60, 80, and 100 Mg ha−1 (which corresponded to the percentage of biochar per unit mass of soil: 0.05, 
0.24, 0.48, 0.95, 1.43, 1.90, 2.28, 2.86, 3.81, and 4.76%, respectively). The fields were kept without vegetation by 
application of herbicide (Roundup 360 PLUS at 2.5 L ha−1). For the purpose of presented work six fields were 
investigated: with 0 (control), 20, 40, 60, 80 and 100 Mg ha−1 biochar doses.

Soil sample collection and preparation.  The soil samples were collected from five experimental plots, 
where the biochar was applied into the soil at the doses of 20, 40, 60, 80, and 100 Mg ha−1, and from a control 
field, where no biochar was applied (denoted as 0 Mg ha−1). Soil samples were collected from each field at five 
statistically chosen points to get about 2 kg of soil. After collection, the soil was mixed and dried at room tem-
perature for two weeks. One sample for laboratory examinations was prepared from each part of the soil. The 
sample was a 4.7 cm high and 5.2 cm diameter steel cylinder, as presented in Fig. 1. The volume of each sample 
was 100 cm3. The bulk density of each sample was evaluated. The soil net weight of each sample was measured 
by measurements of each sample and subtraction of the weight of the steel cylinder. Next, the cylinders were 
closed on the bottom with a rubber cap to reduce the radon emanation surface to the size of 19.62 cm2 at the 
top of the sample.

Total porosity measurements.  The total porosity was measured with the weight method after water satu-
ration. First, the samples were dried at 105 °C for 1 h and weighed to measure the total mass of the soil-biochar 
samples. To assess the total pore volume, the samples were placed in a tray filled with water for 24 h to reach 
saturation and the weight measurements were repeated. The total porosity η was calculated according to the 
equation:

where ms is the mass of a saturated sample, md is the mass of a dried sample, Vs and Vp represent the sample 
volume (100 cm3) and pore volume, respectively, and ρw is water density. The weight measurements were realized 
by electronic laboratory balance with the accuracy of 0.1 mg. The total uncertainty of the method was assessed 
for 5%.

The uncertainty for radon in air concentration measurements were assessed for 18% basing on the data 
provided by the instrument.

Emanation coefficient assessment.  The radon emission from samples in the laboratory environment 
were measured using an AlphaGUARD instrument equipped with a measuring chamber made of stainless steel, 

η =
Vp

Vs
=
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ρw · Vs
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ρw · Vs
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as presented on the left in Fig. 2. The chamber was 11 cm in diameter and 12 cm in height, giving 0.00114 m3 of 
volume. The measurement of the radon concentration in air was made setting a 1 dm3 min−1 flow rate and 10 min 
reading cycles. Data were next averaged for 1 h, resulting to one data point represents the average values from 
six originally measured data points. Measurement for one sample took 20 h. Values of radon concentration in air 
was registered with the uncertainty for each data point assessed directly by the instrument.

The emanation coefficient ε was determined based on the Ra-226 activity concentration and radon potential 
Ω according to the methodology proposed by33 and making an additional assumption that the samples were 
dried to zero humidity, which implied that no pores filled with water were present within the samples during 
measurements. The assumption reduces the equation for calculating the time bound exhalation constant.

The emanation coefficient expressed in % was evaluated according to the equation:

where AcRa represents the Ra-226 activity concentration in a soil sample expressed in Bq kg−1.
The AcRa was assessed using gamma spectrometry and a high purity germanium detector according to the 

methodology described by25. For properly Ra-226 activity concentration in soil assessment the impact of 185.7 
keV gammas from U-235 was subtracted after its evaluation basing on the 63.3 keV peak of Th-234.

(2)ε =
�

AcRa
· 100%

Figure 1.   The example of sample collected from the experimental field and prepared for measurements within 
the small accumulation chamber in the process of radon emanation assessment.

Figure 2.   Set up for radon accumulation measurements for assessment of the emanation coefficient in the 
laboratory environment. Set include the small accumulation chamber with the total volume of 0.00114 m3 
(present on the left side) operating with the AlphaGuard instrument (presented on the right).
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The main advantage of the proposed method is the ability to assess the emanation coefficient based on short-
time measurements (below 24 h) with a cumulative chamber method. Originally, in the methodology developed 
by33, the assessment requires evaluation of Ω according to the formula:

where a (Bq m−3 s−1) represents the slope of the linear fit of radon exhalation rate data series measured in the 
cumulative chamber, λeff is an effective time constant (s−1), CRn

0 is the initial Rn-222 concentration in the accu-
mulation chamber (Bq m−3), λRn denotes the Rn-222 decay constant, Ve describes the effective accumulation 
volume in the experimental setup (m3), and m (kg) is the mass of the sample.

The effective time constant describes the effective time of the presence of radon exhaled within the experi-
mental set up and is the sum of the Rn-222 decay constant λRn (s−1), the bound exhalation constant λb (s−1) 
characterizing the sample, and the leakage constant characterizing the accumulation chamber equipment λl (s−1):

The λb coefficient is dependent on the soil sample porosity according to the simplified equation:

where η represents the total porosity of the sample, as the assumption of zero humidity of samples during meas-
urements was made, and V0 represents the volume of the sample.

λl was evaluated experimentally by measuring the Rn-222 decay in the empty accumulation chamber system 
with a natural radon concentration at the starting point. The most significant compound of total uncertainty 
for the emanation coefficient was associated with estimation for slope a, CRn

0 and with assessment of the total 
porosity for the samples η. The uncertainty was evaluated using differentiation method.

Radon exhalation rate assessment.  The radon exhalation rate (ERn) was assessed according to the 
methodology presented in25. The field radon exhalation rate was assessed indirectly by measurement of radon 
concentration in air using an AlphaGUARD instrument equipped with accumulation open-wall chamber placed 
on the ground as presented on the Fig. 3. The chamber volume was 0.024 m3. The setup measuring parameters 
were the same as in the case of the laboratory measurements with the small closed chamber but the measuring 
time was 70 min giving seven data points for each field. Values of radon concentration in air was registered with 
the uncertainty for each data point assessed directly by the instrument.

The increase of radon concentration in air (CRn) in accumulation box were registered and the linear function 
was interpolated basing on seven measuring points registered for each experimental field. Basing on the meas-
urement of radon concentration in air the radon exhalation rate could be assessed according to the equation:

where V/A are the ratio of accumulation chamber volume to area covered by the chamber and is a constant 
value of 0.2, ∂CRn

∂t  is a change of radon concentration in air registered in accumulation chamber in time t and was 
represented as a linear fit into the experimental data as:

After differentiation we can compute the radon exhalation rate as slope, a of linear fit scaled by 0.2:

(3)� =
a+ �eff · C0

Rn

�Rn

Ve

m

(4)�eff = �Rn + �b + �l

(5)�b = �Rnη
V0

Ve

(6)ERn =
V

A

∂CRn

∂t

(7)CRn = a · t + b

Figure 3.   Setup for assessment of the radon exhalation rate in the field measurements. The set consist of the 
accumulation chamber with 0.024 m3 in volume and the AlphaGuard instrument.
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The uncertainty for radon exhalation rate assessment was associated mainly with the assessment of the slope 
of linear fit ad was calculated as a standard deviation for data point used for linear fits.

Results
The values of total porosity and bulk density for the samples investigated in the laboratory are presented in Fig. 4. 
Depending on the biochar dose, the bulk density decreased from 1.51 g cm−3 for the sample without biochar 
to 1.09 g cm−3 for the sample supplemented with the 100 Mg ha−1 biochar dose, as was presented on Table 1, 
together with the information on the mass for specific samples.

The total porosity varied from 0.358 m3 m−3 for the 0 Mg ha−1 sample to 0.466 m3 m−3 for the sample with 
the 100 Mg ha−1 biochar dose.

The results of radon accumulation in the small closed chamber during the laboratory measurements for 
samples collected from the experimental fields and investigated in terms of bulk density and total porosity are 
presented in Fig. 5. The highest value of the radon concentration of 90 Bq m−3 was observed for the control 
sample. In general, the lowest values were noted for the sample collected from the field treated with the 100 Mg 
ha−1 biochar dose. The results for samples collected in the fields with the biochar dose of 40, 60, and 80 Mg ha−1 
were at the same level as those observed at linear fitting.

The values of the emanation coefficient calculated using Eq. (2) are presented in Fig. 6. The highest emana-
tion coefficient of 7.28% was observed for the sample treated with the 20 Mg ha−1 biochar dose, whereas and 
the lowest value of 1.81% was calculated for the sample collected from the field supplemented with 40 Mg ha−1. 
The values of all parameters, including the slopes for linear fits presented in Fig. 5 and used in the calculation 
process for emanation coefficient, were presented in Table 2.

(8)ERn = 0.2a

Figure 4.   Bulk density (red graph) and total porosity (black graph) with the uncertainties (red and black 
vertical lines) as a function of the biochar dose applied into the soil. Data for six samples investigated in the 
laboratory for assessment of the emanation coefficient.

Table 1.   Data of bulk density assessment with the information on the soil samples mass, depending on the 
biochar dose applied into the soil in the experimental fields. Bulk density values presented on the Fig. 4.

Sample no Biochar dose (Mg ha−1) Soil mass (g) Bulk density (g cm−3)

1 0 153 1.51

2 20 137 1.37

3 40 139 1.39

4 60 138 1.39

5 80 128 1.29

6 100 108 1.09
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Figure 7 presents raw measurement results from the field experiment. An increase in the radon concentra-
tion in air within the accumulation chamber measured as a function of time for the particular fields: five with 
applied biochar and one without biochar is presented. The red line expresses the linear fits represented by the 
linear equation also shown for each examined field. The lowest slope was observed for the filed where 20 Mg ha−1 
biochar dose was applied and the highest one for the field were the biochar was applied at the dose of 100 Mg ha−1.

Figure 5.   Radon concentration in air measured for five soil samples collected in the experimental fields and for 
the control sample (0 Mg ha−1) as a function of the measurement time. Symbols represent measurements results 
from the AlphaGUARD instrument, and the lines represent the linear fits. The biochar dose applied into the soil 
ranged from 20 to 100 Mg ha−1.

Figure 6.   Emanation coefficient with the uncertainty values, expressed as % of radon particles forced into the 
free air-filled space in soil samples as a function of the biochar dose applied into the soil.
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Table 2.   Parameters values used for calculation a emanation coefficient incorporating Eqs. (2–5) and the 
obtained values of ε with the total uncertainty u(ε).

Biochar dose (Mg ha−1) Sample mass, m (kg) Total porosity, η (m3 m−3)
Effective decay constant 
λeff (s−1) Slope, a

Ra-226 activity 
concentration, AcRa (Bq 
kg−1)

Emanation coefficient, 
ε ± u(ε) (%)

0 0.149 0.356 0.02426 0.138 20.7 6.00 ± 0.99

20 0.132 0.360 0.02426 0.167 23.5 7.28 ± 1.24

40 0.139 0.363 0.02426 0.051 27.8 1.81 ± 0.28

60 0.136 0.358 0.02426 0.037 19.7 1.90 ± 0.37

80 0.116 0.399 0.02429 0.062 22.1 3.27 ± 0.72

100 0.110 0.465 0.02434 0.051 20.3 3.11 ± 0.73

Figure 7.   Results of radon accumulation expressed as the radon concentration in air (black squares) as a 
function of time for five investigated experimental fields and for the control field (denoted as 0 Mg ha−1). The 
linear fitting is presented as red lines and in the form of linear equations (in red). Errors presented for data 
points were calculated directly by the AlphaGUARD instrument.



8

Vol:.(1234567890)

Scientific Reports |        (2021) 11:13810  | https://doi.org/10.1038/s41598-021-93277-7

www.nature.com/scientificreports/

Based on the slopes of the linear equations presented in Fig. 7, the radon exhalation rates were calculated 
according to the Eq. (8). The results for radon exhalation rate including the uncertainties are presented in Fig. 8. 
The lowest exhalation was 4.4 mBq m−2 s−1 and the highest value observed for the 100 Mg ha−1 biochar dose was 
14.8 mBq m−2 s−1. The maximum uncertainty for assessed radon exhalation rate was obtained for field with 60 
Mg ha−1 and reached 65%. The lowest uncertainty of radon exhalation rate was registered for field with 100 Mg 
ha−1 biochar dose and was 25%.

Discussion
Many aspect of biochar application into the soil were already conducted in research. The actual published data 
concerning impact of biochar application into the soil were mainly focused on the investigation of physic-
chemical properties of amendment soil.

As demonstrated before25 and confirmed by the present results, the application of biochar into the soil had 
a considerable effect on the radon exhalation process and in more general for radiological state of the natural 
environment. The present results show that the increase in the biochar dose applied into the soil from 0 to 100 
Mg ha−1 contributed to the increase in the radon exhalation rate by approx. 10 mBq m−2 s−1. The result is in good 
agreement with a previously reported value25, where the increase was at the level of 9 mBq m−2 s−1.

Radon exhalation rate is a complex process, where the soil structure and soil composition10,34 as well as a soil 
moisture35 plays important role. In context of the soil structure the higher exhalation rate is associated with higher 
number of free pores present within the soil volume. From the other site the exhalation rate will decrease with 
higher soil moisture as pores filled by water are impassable for moving radon particles. Considering the impact 
of biochar for soil properties we can observe that biochar causes increase in the soil porosity as was presented on 
Fig. 5, and as a consequences making more free paths that radon could escape into the soil surface. On the other 
site it was proved that biochar influencing on water retention of soil. Therefore more pores filled with water are 
present in soil after biochar application, a specially in the environmental condition. Moreover we should identify 
another phenomena governing the radon movement within the soil after biochar application. The biochar by its 
high total surface area was identified as a good absorber for gases including radon, see Fig. 9. As a result after 
biochar application into the soil the increased soil self-absorption for radon is expected. These three phenomena 
have been identified as the main causes of the radon exhalation rate changes after biochar application into the soil.

Basing on the results of exhalation rate assessment it should been concluded that the dominant effect on the 
change in radon exhalation rate was related to the increase in soil porosity as a result of the biochar application. 
The effect of increased water content in soil and increased self-absorption of soil after biochar application have 
a less important impact for exhalation. However, the most significant increase in total porosity were observed in 
the sample treated with the 80 Mg ha−1 biochar dose. The bulk density for samples amended with 20–60 Mg ha−1 
biochar had a stable value. In addition, considering the values of total porosity, quite stable values were observed 
for samples supplemented with doses from 0 to 60 Mg ha−1.

Figure 8.   Radon exhalation rate (black squares) with uncertainties observed for five experimental fields and for 
the control one as a function of the biochar dose applied into the soil. The red line represents the increased trend 
associated with the results.
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It is known that the radon emanation is mainly related to the structure of the soil and the total specific surface 
of the sample10. The results of the emanation coefficient assessment indicate dependence of the coefficient on the 
biochar dose applied into the soil. The most visible decrease in emanation was observed between samples treated 
with 20 and 40 Mg ha−1 with a value of 7.28% and 1.81%, respectively. The results show that application of 20 
Mg ha−1 of biochar does not exert a considerable impact in the emanation process. As the emanation coefficient 
were assessed in laboratory condition after drying the soil samples the decrease in emanation was associated 
with the self-absorption of soil by presence of biochar particles.

Conclusions
Biochar application into the soil has a considerable impact on the radon emanation process as well as on the 
exhalation rate of radon on the soil surface. Depending on the dose of biochar applied into the soil, the emana-
tion coefficient was reduced from more than 7% to less than 2%, at the same time causing a observable increase 
in the radon exhalation rate. Given the increasing trend of using biochar in modern agriculture, impact of this 
material on the radiological state of the soil and environment should be considered. The presented results should 
be treated as a starting point for profound research on the impact of biochar on environmental radioactivity in 
the wider range.

Received: 9 December 2020; Accepted: 22 June 2021

References
	 1.	 Florică, Ş et al. The path from geology to indoor radon. Environ. Geochem. Health 42, 2655–2665. https://​doi.​org/​10.​1007/​s10653-​

019-​00496-z (2020).
	 2.	 Thabayneh, K. M. Determination of radon exhalation rates in soil samples using sealed can technique and CR-39 detectors. J. 

Environ. Health Sci. Eng. 16, 121–128. https://​doi.​org/​10.​1007/​s40201-​018-​0298-2 (2018).
	 3.	 Catelinois, O. et al. Lung cancer attributable to indoor radon exposure in France: impact of the risk models and uncertainty analysis. 

Environ. Health Perspect. 114, 1361–1366. https://​doi.​org/​10.​1289/​ehp.​9070 (2006).
	 4.	 Gaskin, J., Coyle, D., Whyte, J. & Krewksi, D. Global estimate of lung cancer mortality attributable to residential radon. Environ. 

Health Perspect. 126, 057009. https://​doi.​org/​10.​1289/​EHP25​03 (2018).
	 5.	 Mossman, K. L., Thomas, D. S. & Dritschilo, A. Environmental radiation and cancer. Environ. Carcinog. Rev. 4, 119–161. https://​

doi.​org/​10.​1080/​10590​50860​93733​41 (1986).
	 6.	 Vereinte Nationen, Scientific Committee on the Effects of Atomic Radiation, 2018. Sources, effects and risks of ionizing radiation: 

United Nations Scientific Committee on the Effects of Atomic Radiation: UNSCEAR 2017 report to the General Assembly, with 
scientific annexes.

	 7.	 Ravikumar, P. & Somashekar, R. K. Estimates of the dose of radon and its progeny inhaled inside buildings. Eur. J. Environ. Sci. 3, 
88–95. https://​doi.​org/​10.​14712/​23361​964.​2015.​10 (2013).

	 8.	 Arvela, H., Holmgren, O. & Hänninen, P. Effect of soil moisture on seasonal variation in indoor radon concentration: modelling 
and measurements in 326 Finnish houses. Radiat. Prot. Dosimetry https://​doi.​org/​10.​1093/​rpd/​ncv182 (2015).

	 9.	 Maeng, S., Han, S. Y. & Lee, S. H. Analysis of radon depth profile in soil air after a rainfall by using diffusion model. Nucl. Eng. 
Technol. 51, 2013–2017. https://​doi.​org/​10.​1016/j.​net.​2019.​06.​018 (2019).

	10.	 Zhang, W., Zhang, Y. & Sun, Q. Analyses of influencing factors for radon emanation and exhalation in soil. Water. Air. Soil Pollut. 
230, 16. https://​doi.​org/​10.​1007/​s11270-​018-​4063-z (2019).

	11.	 Yasmin, S. et al. The presence of radioactive materials in soil, sand and sediment samples of Potenga sea beach area, Chittagong, 
Bangladesh: Geological characteristics and environmental implication. Results Phys. 8, 1268–1274. https://​doi.​org/​10.​1016/j.​rinp.​
2018.​02.​013 (2018).

Figure 9.   Averaged number of counts registered in liquid scintillation detector for biochar exposed and not 
exposed for radon in laboratory condition (basing on the data presented in25).

https://doi.org/10.1007/s10653-019-00496-z
https://doi.org/10.1007/s10653-019-00496-z
https://doi.org/10.1007/s40201-018-0298-2
https://doi.org/10.1289/ehp.9070
https://doi.org/10.1289/EHP2503
https://doi.org/10.1080/10590508609373341
https://doi.org/10.1080/10590508609373341
https://doi.org/10.14712/23361964.2015.10
https://doi.org/10.1093/rpd/ncv182
https://doi.org/10.1016/j.net.2019.06.018
https://doi.org/10.1007/s11270-018-4063-z
https://doi.org/10.1016/j.rinp.2018.02.013
https://doi.org/10.1016/j.rinp.2018.02.013


10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:13810  | https://doi.org/10.1038/s41598-021-93277-7

www.nature.com/scientificreports/

	12.	 Alshahri, F. Effect of grain size on radon emanation coefficient, surface and mass exhalation rates and the correlation coefficient 
between them in different masses of soil and phosphate fertilizer. Radiochim. Acta 107, 129–139. https://​doi.​org/​10.​1515/​ract-​
2018-​3027 (2019).

	13.	 Sasaki, T., Gunji, Y. & Okuda, T. Mathematical modeling of radon emanation. J. Nucl. Sci. Technol. 41, 142–151. https://​doi.​org/​
10.​1080/​18811​248.​2004.​97154​70 (2004).

	14.	 European Commission. Joint Research Centre. Institute for Environment and Sustainability. Biochar Application to Soils: A Critical 
Scientific Review of Effects on Soil Properties, Processes and Functions (Publications Office, 2010).

	15.	 Ding, Y. et al. Potential benefits of biochar in agricultural soils: a review. Pedosphere 27, 645–661. https://​doi.​org/​10.​1016/​S1002-​
0160(17)​60375-8 (2017).

	16.	 Latawiec, A. et al. Willingness to adopt biochar in agriculture: the producer’s perspective. Sustainability 9, 655. https://​doi.​org/​10.​
3390/​su904​0655 (2017).

	17.	 Rivas, A. M. J., Yuan, W., Boyette, M., & Wang, D. Characterization of biochar from rice hulls and wood chips produced in a top-lit 
updraft biomass gasifier, in: 2015 ASABE International Meeting. In Presented at the 2015 ASABE International Meeting, American 
Society of Agricultural and Biological Engineers (2015). https://​doi.​org/​10.​13031/​aim.​20152​187923.

	18.	 Gonzaga, M. I. S., Mackowiak, C., de Almeida, A. Q., de Carvalho Junior, J. I. T. & Andrade, K. R. Positive and negative effects of 
biochar from coconut husks, orange bagasse and pine wood chips on maize (Zea mays L.) growth and nutrition. CATENA 162, 
414–420. https://​doi.​org/​10.​1016/j.​catena.​2017.​10.​018 (2018).

	19.	 Sorgonà, A. et al. Characterization of biochar and syngas obtained from pellets of grape vine and sun flower husk using a pyrolysis 
system. Proced. Soc. Behav. Sci. 223, 871–878. https://​doi.​org/​10.​1016/j.​sbspro.​2016.​05.​297 (2016).

	20.	 Razzaghi, F., Obour, P. B. & Arthur, E. Does biochar improve soil water retention? A systematic review and meta-analysis. Geoderma 
361, 114055. https://​doi.​org/​10.​1016/j.​geode​rma.​2019.​114055 (2020).

	21.	 Chen, Z. et al. Radon emission from soil gases in the active fault zones in the Capital of China and its environmental effects. Sci. 
Rep. 8, 16772. https://​doi.​org/​10.​1038/​s41598-​018-​35262-1 (2018).

	22.	 Kavitha, B. et al. Benefits and limitations of biochar amendment in agricultural soils: A review. J. Environ. Manag. 227, 146–154. 
https://​doi.​org/​10.​1016/j.​jenvm​an.​2018.​08.​082 (2018).

	23.	 Tomczyk, A., Sokołowska, Z. & Boguta, P. Biomass type effect on biochar surface characteristic and adsorption capacity relative 
to silver and copper. Fuel 278, 118168. https://​doi.​org/​10.​1016/j.​fuel.​2020.​118168 (2020).

	24.	 Hamilton, T. F. et al. A preliminary assessment on the use of biochar as a soil additive for reducing soil-to-plant uptake of cesium 
isotopes in radioactively contaminated environments. J. Radioanal. Nucl. Chem. 307, 2015–2020. https://​doi.​org/​10.​1007/​s10967-​
015-​4520-8 (2016).

	25.	 Szewczak, K. et al. Impact of soil incorporation of biochar on environmental radioactivity. J. Environ. Qual. 49, 428–439. https://​
doi.​org/​10.​1002/​jeq2.​20014 (2020).

	26.	 Sohi, S., Lopez-Capel, E., Krull, E. & Bol, R. Biochar, climate change and soil: A review to guide future research (No. CSIRO Land 
and Water Science Report 05/09) (2009).

	27.	 Zheng, W., Holm, N. & Spokas, K. A. Research and application of biochar in North America. In SSSA Special Publications (eds 
Guo, M. et al.) 475–494 (American Society of Agronomy and Soil Science Society of America, 2015). https://​doi.​org/​10.​2136/​sssas​
pecpu​b63.​2014.​0053.

	28.	 Zhang, X. et al. Research and application of biochar in China. In SSSA Special Publications (eds Guo, M. et al.) 377–407 (American 
Society of Agronomy and Soil Science Society of America, 2015). https://​doi.​org/​10.​2136/​sssas​pecpu​b63.​2014.​0049.

	29.	 SoilAqChar, n.d. http://​www.​soila​qchar.​pl/​index.​php/​about/.
	30.	 Bach, M., Wilske, B. & Breuer, L. Current economic obstacles to biochar use in agriculture and climate change mitigation. Carbon 

Manag. 7, 183–190. https://​doi.​org/​10.​1080/​17583​004.​2016.​12136​08 (2016).
	31.	 Nair, V. D. et al. Biochar in the agroecosystem—climate-change—sustainability nexus. Front. Plant Sci. 8, 2051. https://​doi.​org/​

10.​3389/​fpls.​2017.​02051 (2017).
	32.	 Usowicz, B., Lipiec, J., Łukowski, M., Marczewski, W. & Usowicz, J. The effect of biochar application on thermal properties and 

albedo of loess soil under grassland and fallow. Soil Tillage Res. 164, 45–51. https://​doi.​org/​10.​1016/j.​still.​2016.​03.​009 (2016).
	33.	 López-Coto, I., Bolivar, J. P., Mas, J. L., García-Tenorio, R. & Vargas, A. Development and operational performance of a single 

calibration chamber for radon detectors. Nucl. Instrum. Methods Phys. Res. Sect. Accel. Spectrometers Detect. Assoc. Equip. 579, 
1135–1140. https://​doi.​org/​10.​1016/j.​nima.​2007.​06.​017 (2007).

	34.	 Sun, K., Guo, Q. & Cheng, J. The effect of some soil characteristics on soil radon concentration and radon exhalation from soil 
surface. J. Nucl. Sci. Technol. 41, 1113–1117. https://​doi.​org/​10.​1080/​18811​248.​2004.​97263​37 (2004).

	35.	 Yang, J. et al. Modeling of radon exhalation from soil influenced by environmental parameters. Sci. Total Environ. 656, 1304–1311. 
https://​doi.​org/​10.​1016/j.​scito​tenv.​2018.​11.​464 (2019).

Acknowledgements
The research was conducted under the project “Water in soil—satellite monitoring and improving the retention 
using biochar” no. BIOSTRATEG3/345940/7/NCBR/2017, which was financed by the Polish National Centre 
for Research and Development in the framework of “Environment, agriculture and forestry”—BIOSTRATEG 
strategic R&D programme.

Author contributions
K.S. wrote the manuscript text, made measurements and data analysis, S.J. improved manuscript text, K.W. made 
a measurements, Ł.G. and A.R-P. and M.Ł. made a figures and review the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to K.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1515/ract-2018-3027
https://doi.org/10.1515/ract-2018-3027
https://doi.org/10.1080/18811248.2004.9715470
https://doi.org/10.1080/18811248.2004.9715470
https://doi.org/10.1016/S1002-0160(17)60375-8
https://doi.org/10.1016/S1002-0160(17)60375-8
https://doi.org/10.3390/su9040655
https://doi.org/10.3390/su9040655
https://doi.org/10.13031/aim.20152187923
https://doi.org/10.1016/j.catena.2017.10.018
https://doi.org/10.1016/j.sbspro.2016.05.297
https://doi.org/10.1016/j.geoderma.2019.114055
https://doi.org/10.1038/s41598-018-35262-1
https://doi.org/10.1016/j.jenvman.2018.08.082
https://doi.org/10.1016/j.fuel.2020.118168
https://doi.org/10.1007/s10967-015-4520-8
https://doi.org/10.1007/s10967-015-4520-8
https://doi.org/10.1002/jeq2.20014
https://doi.org/10.1002/jeq2.20014
https://doi.org/10.2136/sssaspecpub63.2014.0053
https://doi.org/10.2136/sssaspecpub63.2014.0053
https://doi.org/10.2136/sssaspecpub63.2014.0049
http://www.soilaqchar.pl/index.php/about/
https://doi.org/10.1080/17583004.2016.1213608
https://doi.org/10.3389/fpls.2017.02051
https://doi.org/10.3389/fpls.2017.02051
https://doi.org/10.1016/j.still.2016.03.009
https://doi.org/10.1016/j.nima.2007.06.017
https://doi.org/10.1080/18811248.2004.9726337
https://doi.org/10.1016/j.scitotenv.2018.11.464
www.nature.com/reprints


11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:13810  | https://doi.org/10.1038/s41598-021-93277-7

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

http://creativecommons.org/licenses/by/4.0/

	Radon emission fluctuation as a result of biochar application into the soil
	Methods
	Biochar. 
	Field experiment. 
	Soil sample collection and preparation. 
	Total porosity measurements. 
	Emanation coefficient assessment. 
	Radon exhalation rate assessment. 

	Results
	Discussion
	Conclusions
	References
	Acknowledgements


