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Wood contamination in the Chornobyl Exclusion Zone (CEZ) with 137Cs and 90Sr reaches tens of kBq/
kg. Fires are natural disasters that fundamentally alter the forest ecosystem. The largest fires in the 
CEZ occurred in 2020 at the temporary radioactive waste storage facility (PTLRW) known as “Red 
Forest”, where the peak of 90Sr activity in wood was recorded. Subsequently, the level of 90Sr in 
groundwater samples from observation wells in this section of the CEZ increased by 2 to 60 times, 
rising from approximately 2 to about 180 Bq/l beginning in late 2022. The laboratory experiment 
utilized typical pinewood and forest litter samples. Laboratory studies show that burning 1 kg of 
dry pinewood produces approximately 2.8 g of ash, with a concentration of 90Sr in the ash that is 
approximately 360 times higher. The specific activity of 90Sr in the ash from six wood samples ranged 
from 160 to 3400 kBq/kg. Under suitable experimental conditions, the specific activity of 90Sr in the 
leachate samples ranged from 0.5 to 0.72 kBq/L. The proportion of 90Sr leached during the experiment 
varied from 12 to 33% for wood ash and 10.8–13.2% for forest litter ash. The complete combustion 
of 10% of the wood in the burn site area of the PTLRW “Red Forest” CEZ, influenced by a two-year 
rainfall volume, releases a secondary source of 90Sr available for migration with groundwater, with 
an intensity of at least 0.69 GBq/ha or more than 17 GBq/ha in the trench burial area of “Red Forest”. 
Under these conditions, this source can reach 38 TBq in the 550 km² burn site area. The minerals in 
wood ash are easily washed away by water, leading to increased groundwater mineralization and 
higher ionic strength. This, in turn, reduces the soil’s sorption capacity and enhances the migration 
capacity of 90Sr in the aquifer. The transformation of wood and forest litter into ash due to a forest fire 
concentrates radioactivity in it, which lies on the soil surface, making it vulnerable to rapid leaching 
by atmospheric precipitation. As a result, this radioactivity can become a significant local source of 
radioactive contamination of surface and groundwater, which requires updating the radioactivity 
monitoring regulations in the relevant observation wells of the CEZ.
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Ash forms when wood burns, and the concentration of radionuclides in the ash increases significantly compared 
to the wood. This transformation raises radionuclide availability in ash for leaching through atmospheric 
precipitation and intense migration with water, including infiltration into groundwater. To analyze the problem, 
background information on the severity of wood and forest litter contamination, the characteristics of ash and 
the corresponding soil, the leaching of chemical elements from ash, and their effects on the properties of related 
water must be considered.

A study of the content and leachability of strontium (Sr) in ash from the combustion of household waste in 
domestic furnaces1 showed that the most mobile fraction, which is washed out with water, ranges from 1.3% to 
almost 91% of the total Sr content. Meanwhile, the leachability of dry wood ash ranges from 11 to 18%.
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After a forest fire, a layer of ash and charred material quickly forms on the ground. This layer gradually 
diminishes and is redistributed by precipitation, wind, or animals through partial dissolution and incorporation 
into the soil. Ash can impact water runoff on the surface after a fire, depending on the properties of the ash and 
soil, as well as the thickness of the ash layer. The study’s authors2 focused significantly on the wettability of ash, 
which varies from low to extremely high and is determined by the burning temperature, depth, and organic 
carbon content. The interaction within the water-ash-soil system largely depends on soil properties.

The study’s authors3 argue that forest fire ash can pose significant risks to society due to the concentration 
of potentially harmful chemical components. After examining 148 samples (representing 42 types of ash), most 
exhibited an alkaline reaction, with a mean pH of 8.8 and a range of 6 to 11.2. The main components identified 
were organic carbon (mean value: 204 g/kg), calcium, aluminum, and iron (mean values: 47.9, 17.9, and 17.1 g/
kg, respectively).

Based on ash samples from a pine forest fire in Portugal4, the study determined that the ash filtrate had a 
higher pH and conductivity and was enriched in Ca2+, Mg2+, Na+, K+, and Si4+ ions. Additionally, this study 
found that the solubility of potassium and calcium in charred residues was 1.7 times and 9.7 times higher, 
respectively, than in unburned forest litter.

The authors5 investigated the impact of fire ash on water quality in the Gila River drainage in southwestern 
New Mexico, USA, over a five-year period. Following the introduction of fire ash, the water exhibited elevated 
concentrations of ammonium, nitrate, dissolved reactive phosphate (SRP), potassium, and alkalinity.

Increased mineralization raises groundwater’s ionic strength. This diminishes soils’ sorption properties, 
further contributing to enhanced radionuclide migration6.

Studies of the forest conducted in Bavaria7, where most of the 90Sr is attributed to nuclear test fallout, 
demonstrated that the majority remains in the forest’s organic horizons, indicating a very low migration rate for 
an extended period after the fallout.

A study of newly planted trees in the “Red Forest” area demonstrated significant contamination levels of 
137Cs and 90Sr, showing a notable individual contrast in their distribution across the tree trunk cross-Sect.  8. 
The authors9 made and calibrated a simulation model to depict the distribution of 90Sr within components 
of the forest ecological system (Pinus sylvestris L.) based on findings from their recent experimental studies. 
According to the 2025 forecast derived from the model, wood contains 20%, while forest litter holds 14% of 
the total 90Sr activity concentrated in the forest biosystem. Subsequent analyses of the wood from the “Red 
Forest,” conducted between 2005 and 2018, indicated10 that, despite a general decrease in the specific activity 
of 90Sr across all compartments of the tree biomass, its total reserves in wood rose from 18 to 23 GBq/ha, 
respectively. Corresponding estimates derived from studies of trees planted in the trenches of the “Red Forest” 
wood burials reveal that 90Sr reserves here have increased nearly sixfold, reaching approximately 560 GBq/ha, 
which constitutes about (19 ± 9)% of the total reserve in the trench zone.

Therefore, recent fires in the Chornobyl NPP area have heightened the secondary redistribution of 
radioactivity and its transfer, resulting in additional surface and groundwater contamination. Fires are common 
due to the limited control over the forested areas of the Chornobyl Exclusion Zone. The largest fires (Fig. 1) 
occurred over an area of 554 km² in 202011,12. It is known that fires accompanied the military occupation of the 
CEZ by Russian troops in 2022.

The authors13 demonstrated that aerial emissions of 137Cs and 90Sr during burning experiments at the 
Chornobyl fire site reached up to 4.2% of the 137Cs and 2.9% of the 90Sr stocks. This suggests that most 137Cs 
and 90Sr remained in the charred residues on the ground after the fire. An analysis of results from a systematic 
study conducted in the fire-affected zone of the CEZ revealed that the water-soluble fractions of 137Cs and 90Sr in 
charred residues were significantly higher than those in the soil, which indicates their increased mobility13. The 
geometric means of the water-soluble and exchangeable forms of 137Cs in the charred residues were 2.2% and 
17.4%, respectively. The geometric means for the water-soluble and exchangeable forms of 90Sr in the charred 
residues were 5.4% and 27.5%, respectively.

However, the extent of burnout of the charred residues used in this study is unknown. Therefore, the water-
soluble fraction of 90Sr content could be significantly higher for ashes with more complete burnout. However, 
no significant increase in the concentration of 137Cs in the river catchment area of Chornobyl was observed 
after the forest fires. However, 90Sr concentrations significantly increased, periodically exceeding the permissible 
levels for drinking water (2  Bq/l) in Ukraine14. The authors explain this increase by hydrologically driven 
transport processes of soluble 90Sr from charred remains and the soil surface into the river during snowmelt 
and precipitation. They13 stated that the fate of 137Cs and 90Sr in charred residues is currently unknown, but the 
dynamics of 137Cs and 90Sr in the environment are similar to those of K and Ca.

This study aimed to assess the secondary sources created after fires concerning 90Sr migration with water, 
based on laboratory-measured properties of wood and forest litter ash samples, the corresponding activity 
concentrations of 137Cs and 90Sr, and the extent of their leaching from wood and forest litter ash due to water 
corresponding to two years of rainfall. The activity concentrations of 137Cs and 90Sr in wood, forest litter, ash, 
and filtrate were measured to achieve this goal. The degree of 137Cs and 90Sr leaching from wood and forest litter 
ash was determined, and the dynamics of 90Sr in groundwater samples from some wells located within the burnt 
areas of the “Red Forest” PTLRW site were analyzed.

Materials and methods
Wood and forest litter samples
For laboratory studies of wood ash and forest litter, we used the dry residue from samples collected in the 
Chornobyl Exclusion Zone in 1996, 2013, and 2021, which had been previously studied15–17. Wood samples 
(Pinus sylvestris L.) were taken at two sites near the Yaniv railway station. Forest litter samples were gathered near 
the Prypiat oil base, site 96/36. They correspond to characteristic morphological layers: A – a light upper layer 
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of fresh litter, B – a thick layer with partial structural changes in the material, and C – a lower layer with severe 
decomposition. Given the long interval between wood samplings, we observed changes in the specific activity 
and ratio of radionuclides. Over time, the activity of 90Sr increased while 137Cs decreased, which is particularly 
significant in the most contaminated areas of the CEZ8,10. Wood samples I, II, and III were collected in 2013, 
while wood sample IV corresponded to one tree from 2021.

Ashing of samples
Considering the ashing of wood and forest litter, we take into account general information related to sample 
concentration under heating — a safe temperature for 137Cs without losses is believed to be 450  °C. The 
appropriate temperature for 90Sr is 600 °C18. We also considered that burning biomass enriched with cesium in 
an open space resulted in a loss of cesium ranging from 40 to 70%, depending on temperature19. The review’s 
authors20 indicate that the magnitude of cesium emissions during laboratory combustion of contaminated biota 
depends on the temperature and design features of the experimental setup. As part of the laboratory experiment 
to obtain ash, we utilized the available equipment: a vertical muffle furnace and a stainless steel reaction vessel 
with a perforated lid for charring wood samples15,17. During the process, forced exhaust ventilation and a 
specialized chimney were used to cover the hot zone—the furnace opening with the top of the reactor vessel 
—and to carry the combustion products to the umbrella above, which limits their entry into the laboratory air. 
After the charring process was conducted with low oxygen for about an hour, we opened the lid of the reaction 
vessel, and the subsequent wood-burning process lasted an additional 16 to 20 h for the chopped wood sample.

Wood samples I, II, and III represented chopped wood, while wood sample IV represented chips. This 
determined the duration of the final combustion process, as the chips burned out more quickly. The temperature 
in both cases was 600ºC. Quantitative data on the ash preparation process are provided in Table 1. To control the 
variability of the process, sample I was repeated as I-A, and sample IV was prepared in three portions labeled 
IV-A, IV-B, and IV-C. The quality of the ash was assessed as satisfactory; visually, it appeared dark gray or 
had a brownish shade. The average ash content of wood (ash/dry material, 10− 3) was 2.80 ± 0.37 (N = 7). The 
corresponding ash content coefficients (10− 3) for different layers of the forest litter were A – 29, B – 48, and C – 
192, reflecting the increase in the proportion of the mineral fraction in the litter from the top (A) to bottom (C). 
The significant variation in ash content coefficients between samples of different litter layers allowed us to use 
them as they are without performing repeated samples. In addition, we estimated 137Cs losses during ashing as 
we did it and prepared additional ash samples of wood I-B, I-C, and I-D, see Table 2, with an average of 28 ± 3%.

Fig. 1.  Burns after the 2020 fires at the “Red Forest” PTLRW site.
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Laboratory experiment on leaching 90Sr with water from Ash
In preparation for the laboratory experiment, 0.3 to 1.1 g of ash was obtained from the aforementioned wood 
samples. Disposable 2 ml and 5 ml medical syringes provided a compact and cost-effective experimental column 
(see Figs. 2 and 3), while successive portions of the filtrate were collected in 20 ml plastic vials.

Fig. 2.  Syringe column (2 ml).

 

Sample Wood, g Ash, g 137Cs in wood, Bq 137Cs in ash, Bq Losses, %

I-B 116 0.318 1.88 ± 0.15 1.22 ± 0.15 29%

I-C 125 0.378 1.75 ± 0.15 1.32 ± 0.15 25%

I-D 122 0.355 1.47 ± 0.15 1.01 ± 0.15 31%

28 ± 3%

Table 2.  Estimation of 137Cs losses while wood samples were converted to Ash at 600 °C.

 

Sample Dry material, g Ash, g Ash/Dry×10− 3 Dry/Ash Ash code

Wood

II 360 0.98 2.72 367 II

I 360 0.89 2.47 404 I

I-A 360 0.84 2.32 428 III

III 360 1.11 3.08 324 IV

IV A 100 0.30 3.0 333 V

IV B 100 0.34 3.4 294 VI

IV-C 200 0.54 2.7 370 VII

2.80 ± 0.37 360 ± 47

96/36 Forest litter

A 33 0.9 29 37 96/36-A

B 41 2.0 48 21 96/36-B

C 25 4.8 192 5.2 96/36-C

Table 1.  Sample mass change while Ashing.
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First experiment: 2  ml syringe (luer lock). For pre-wetting and subsequent filtration, an ash sample 
weighing about 0.2 g was placed between layers of cotton discs. The primary syringe containing the ash was 
positioned between two others to improve the structure and create additional water volume that could be loaded 
simultaneously. The lower syringe held extra filter material. Overnight, all the water filtered through the ash. The 
second portion of water was rejected because it stopped flowing through the syringe due to the excessively thick 
layer of ash.

The second experiment utilized a 5 ml syringe with an ash weight of about 0.2 g. A reinforced plastic tube 
with a specified diameter of 8 × 2.5 mm (Fig. 3) extended the column, which was positioned vertically in a stand.

Although passing water in five portions of 5 ml each was initially lengthy, over time, when the ash sample 
yielded, the increased portion to 20 ml caused no delay— the water flow was more intense. The planned volume 
of 125 ml of water was passed through within 3 to 4 h. Before the subsequent experiments, the ash loading per 
cross-sectional area of the experimental column was calculated (Table 3, rows 1 and 2). In option 2, the cross-
sectional area was nearly doubled compared to option 1. Then, in option 3, the ash portion was reduced by half. 
Consequently, the column’s cross-sectional area was approximately 1.0  cm², with the ash loading per cross-
sectional area capped at about 1.0 kg/m².

Based on option 3, ash studies were conducted for sample I, where the water flow was faster than in option 2. 
The subsequent experiments for samples II and III were carried out simultaneously—all subsequent experiments 
adhered to option 3, utilizing 5 ml syringes and approximately 0.1 g of ash.

Since the task involved washing out a wide range of volumes, the first 5 ml portions were administered five 
times, followed by 20 ml portions also administered five times. After each experiment, ten filtrate samples were 
collected in separate vials. The first bottle in each set contained a slightly smaller volume because some water 
moistened the column material. Sampling data is provided in Table 4, which presents the cumulative volume 
of filtered water obtained for each step (vial). The volume (weight) of each portion of leachate was determined 
using precise laboratory digital scales with an uncertainty below 1%. The estimated uncertainty in measuring 
the 90Sr activity of corresponding individual consecutive samples is below 10%, and for sample S IV, it is below 
15%. Individual weights and the 90Sr activity of filtrate samples were used to form the corresponding cumulative 
data presented in Table 4.

N Syringe volume Inner diameter, mm Syringe cross-sectional area, mm2 Sample mass, g Conversion coefficient per m2 Ash mass per unit surface area, g/m2

1 2 ml 82 52.8 0.2154 18,940 4080

2 5 ml 11.4 102.1 0.2154 9795 2110

3 5 ml 11.4 102.1 0.105 9794 1028

Table 3.  Ash loading parameters for different experimental conditions.

 

Fig. 3.  Syringe column (5 ml).
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Balance in the sample activity
Filtrate samples were prepared to measure the 90Sr content directly using a Quantulus 1220™ liquid scintillation 
spectrometer and the Cerenkov counting method to estimate the fraction of activity washed out of the sample 
due to the described experiment. To determine the residual 90Sr activity after the filtration procedure, the ash 
(wood) sample residues were dissolved by adding 1 M HNO3. If necessary, a few drops of H2O2 were added to 
clarify the resulting solution.

Measurement of 90Sr activity
The measurement scenario indicated that the activity of 90Sr significantly exceeded that of 137Cs. Based on a 
Quantulus 1220™ liquid scintillation spectrometer, the Cerenkov counting method accounts for the color 
quenching effect21. To standardize the volume in the first five portions of each set, the filtrate was diluted to 
20 ml using distilled water. Measurements of the filtrates conducted immediately after the experiment revealed a 
low counting rate; however, subsequent measurements, even after a day, showed a rapid increase in the counting 
rate. This increase is attributed to the accumulation of 90Y, suggesting that primarily, only 90Sr was supplied with 
water. After two days, we could assess the results more effectively, considering the accumulation, and the final 
results were obtained later when the measurements were repeated after nearly two weeks, at which point 90Sr and 
90Y were in equilibrium. The final estimate of 90Sr in the vial has an uncertainty of less than 10%.

The activity of 90Sr in residual ash samples from forest litter was evaluated using a solid-state beta spectrometer 
produced by Atom Komplex Prylad22. Due to the notable 90Sr activity, the measurement uncertainty stayed 
below 20%.

Measurement of 137Cs activity
An ORTEC semiconductor spectrometer (MCB 918 + HPG detector GMX-25200) featuring a lead protective 
housing was utilized for measurements. The measurement of 137Cs content commenced with samples that, as 
anticipated, had the highest 137Cs activity, specifically the litter (layer C). Due to the limited sample volume 
and low 137Cs activity, it was necessary to study a combined cumulative sample. To accomplish this, 10 vials 
from each experiment were arranged in a 1-liter Marinelli vessel positioned in the lower part around the 
circumference. This method was justified because we were primarily interested in evaluating the total leaching 
of 137Cs. A certified Be-261 source and its derivatives were used for calibration (137Cs).

Results
Table 4 shows each sample vial’s cumulative filtrate volume and 90Sr activity results. Table 5 presents the cumulative 
values of 90Sr and 137Cs activity, specifically the cumulative leaching activity over 10 steps, the residual 90Sr and 
137Cs activity, and the balance of 90Sr and 137Cs activity within the samples, as well as the calculated percentage 
of leached activity. The fraction of leached 90Sr activity was calculated for each ash sample, whereas the leached 
137Cs activity was measured in ash samples obtained from forest litter. In wood ash samples, the fraction of 

Sample N 1 2 3 4 5 6 7 8 9 10

Wood samples

S II
*V, ml 3.4 8.5 13.3 18.4 23.3 43.5 62.6 83.9 104.5 121.1

**A, Bq 2.9 8.0 11.8 17.4 22.0 26.0 28.0 29.9 30.9 31.6

S III
V, ml 3.8 8.0 12.9 17.9 22.9 43.1 62.6 83.2 103.5 124.4

A, Bq 2.7 7.4 12.6 14.4 15.1 17.0 17.8 18.4 18.9 19.4

S IV
V, ml 3.76 8.79 13.8 18.7 23.7 43.3 62.6 82.1 103.4 124.7

A, Bq 0.6 1.0 1.4 1.5 1.7 2.3 2.9 3.4 3.8 4.2

S V
V, ml 3.8 8.8 13.7 18.7 23.7 45.1 64.2 84.1 102.9 123.2

A, Bq 1.8 4.9 7.8 10.3 12.8 23.2 28.9 31.8 33.4 34.4

S VI
V, ml 3.8 8.8 13.7 18.7 23.7 45.1 64.2 84.1 102.9 123.2

A, Bq 13.2 23.3 31.4 36.8 41.8 52.1 60.6 68.3 81.3 90.8

S VII
V, ml 3.3 8.5 12.9 17.9 22.9 43.0 64.0 84.4 104.0 121.4

A, Bq 4.3 7.9 9.6 11.4 12.7 19.0 23.2 28.4 34.1 38.3

Forest litter, 96/36

A
V, ml 4.2 9.0 14.8 19.1 24.0 43.9 64.1 84.6 102.7 123.7

A, Bq 1.3 2.3 3.0 3.5 3.9 4.8 5.5 6.0 6.3 6.8

B
V, ml 5.8 10.9 15.8 21.4 27.0 47.8 68.6 88.1 108.4 127.8

A, Bq 2.2 3.6 4.9 6.1 7.0 9.1 10.5 11.1 11.8 12.3

C
V, ml 4.0 9.1 14.1 19.1 24.1 45.6 65.9 86.1 107.0 128.1

A, Bq 15.7 30.3 36.8 40.5 43.3 50.8 54.9 58.9 61.2 64.0

Table 4.  Cumulative data on leachate volume and the corresponding 90Sr activity for each studied wood 
and forest litter Ash with consecutive water samples, the uncertainty of leachate mass is below 1% when 90Sr 
activity– below 10% (for sample S IV – below 15%).
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137Cs activity was measured only in high-activity ash samples – S-VI and S-VII (89 ± 4%). The estimated leached 
fraction of 137Cs for other wood ash samples was also approximately 89%.

According to the data in Table 4; Fig. 4 (wood) and Fig. 5 (forest litter) show the cumulative 90Sr leaching with 
each portion of water for each ash sample studied.

The leaching rate of 137Cs was studied in just one sample set, specifically the litter and layer C, where the 137Cs 
content was measured for each of the 10 portions of water washed from a distinct portion of ash. It is similar to 
the 90Sr leaching rate, but near-complete saturation occurs during the initial five mL samples.

Using the data above, it can be concluded that burning wood and forest litter in the CEZ leads to ash becoming 
a significant secondary source of local environmental pollution, particularly affecting groundwater. According 
to estimates by8, the reserves of 90Sr in wood outside the trenches containing buried radioactive waste in the 
PTLRW “Red Forest” area amounted to 23 GBq/ha. Even with the combustion (conversion to ash) of 10% of the 
wood and leaching from the ash, 30% of 90Sr per year becomes available for water migration. On each hectare 
of burned area, (23 GBq/ha ×0.1 × 0.3 = 0.69) 0.69 GBq/ha of 90Sr is available for migration with water. The 
corresponding fraction of 90Sr available for water migration over the entire burned area of 554 km² (55400 ha) 
in 202011,12 is (554 km2 × 100 ha/km2 × 0.69 GBq/ha = 38226) GBq, which is approximately 17 times higher than 
the 90Sr reserves in the water of the CNPP’s cooling pond before its decommissioning − 2200 GBq23. Within the 
area of the burial trenches, the 90Sr reserves in wood reach 560 GBq/ha8, which is nearly 25 times higher than 
in the surrounding territory. The estimates provided above are solely for pinewood ashes. When considering the 
recent 90Sr distribution forecast in the forest (Pinus sylvestris L.) ecosystem7, refer to the introduction; forest litter 
constitutes a comparable portion, approximately 70%, compared to pinewood (14/20 = 0.7).

Analysis of the dynamics of the 90Sr activity in the observation wells’ water
Figure 6 (color) shows a map of the fire spread area since 2020 within a 10 km zone. This figure shows the 
lines of equal pressure and the direction of groundwater movement, indicated by red arrows. The movement of 
groundwater in the area of the fire at the Red Forest PTLRV is directed to the northeast. Wells K-2/1 and K-2/2 
are located in the middle of the 2020 fire zone. Noticeable changes in the specific activity of 90Sr in groundwater 
were observed when analyzing the SSE Ecocentre routine monitoring data for observation wells K-2/1 and 
K-2/2, which are presented in Figs. 7 and 8. The corresponding tabular data are included in Supplementary 
Data Sets S.1 and S.2. In groundwater samples from well K-2/1, the 90Sr activity concentration increased from 
15 to 98 Bq/l at the end of 2022, a 2–6 fold increase. In well K-2/2, in October 2022, the specific activity of 90Sr 
began to increase from 2.9 to 180 Bq/l, equivalent to a 10-60-fold increase (Fig. 8). Actually, the 90Sr increase in 
observation wells happened only 2.7 years after the fires.

The rise in 90Sr concentrations was likely caused by leaching with atmospheric precipitation that fell on 
ash and debris from wood and forest litter burned during the fire. Groundwater contamination occurs when 
atmospheric precipitation infiltrates the corresponding 3–4 m aeration zone’s sandy soils. At the same time, the 
sorption properties of the soils can be significantly reduced because ashes contain high concentrations of Ca2+, 
Mg2+, K+, and Na+, which contribute to an increase in the migration capacity of 90Sr in the soils. The hypothesis 
regarding the effect of fires on groundwater contamination, observed in wells K-2/1 and K-2/2, is supported by 
the results of predictive simulation performed earlier under similar conditions24.

Sample, code Ash code Weight of ash, g (~) Nuclide Washed, Bq Residue, Bq Total, Bq Washed up, %

Wood I S-II 0.2
90Sr 31.6 104.0 135.6 23.3%
137Cs 0.36 < 0.05 ≈ 0.36 ≈ 89%

Wood I S-III 0.2
90Sr 19.4 98.0 117.4 16.5%
137Cs 0.41 < 0.05 ≈ 0.41 ≈ 89%

Wood II S-IV 0.1
90Sr 4.2 12.0 16.2 25.9%
137Cs 0.37 < 0.05 ≈ 0.37 ≈ 89%

Wood III S-V 0.1
90Sr 34.4 70.0 104.4 33.0%
137Cs 0.79 < 0.05 ≈ 0,79 ≈ 89%

Wood IV S-VI 0.1
90Sr 90.8 251.0 341.8 26.6%
137Cs 1.59 0.2 1.79 89 ± 4%

Wood IV S-VII 0.1
90Sr 38.3 280.0 318.3 12.0%
137Cs 2.0 0.23 2.23 89 ± 3%

96/36 A A 0.1
90Sr 6.8 55.9 62.7 10.8%
137Cs 2.8 5.2 8.0 35.0 ± 2.5%

96/36 B B 0.1
90Sr 12.3 78.8 91.8 13.5%
137Cs 6.5 80 86.5 7.5 ± 1.5%

6/36 C C 0.17
90Sr 64.0 494 558 11.5%
137Cs 8.0 715 723 1.1 ± 0.5%

Table 5.  Cumulative leaching balance (90Sr vs. 137Cs) from Ash sample with water (V ≈ 125 ml), uncertainty of 
90Sr activity is 10–15% when 137Cs – below 20% where applicable.
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The thickness of the aeration zone in the modeling was 2 m. The 90Sr inflow to the aquifer was modeled 
from the active surficial layer through the aeration zone. The distribution coefficient was determined at the level 
of 1 ml/h. According to modeling, the main predicted inflow of 90Sr to the groundwater level occurs after 200 
days. Approximately 97% of the total inflow into the aquifer occurs within the 200–365 day time interval. In our 
case, the thickness of the aeration zone is 1.5 to 2.0 times greater. At the same time, the time taken for elevated 
concentrations of 90Sr to appear in water samples from observation wells is nearly three times greater.

Considering the difference in the thickness of the aeration zone, the assumption about the impact of fires on 
groundwater contamination observed in the wells, as mentioned above, seems realistic.

Conclusions
Laboratory experiments demonstrated that burning 1 kg of pinewood from the Chornobyl zone (N = 6) results 
in an ash residue of 2.80 ± 0.37 g. This yields a 90Sr concentration in the ash approximately 357 times, with its 
specific activity ranging from 0.16 to 3.4 kBq/g.

When burning one kg of forest litter (morphological layers A, B, and C), approximately 29 g, 48 g, and 192 g 
of ash were produced. This resulted in a corresponding 90Sr specific activity approximately 35, 21, and 5 times 
higher than the input material; the specific activity in the respective layers A, B, and C ash was 0.63, 0.92, and 
3.3 kBq/g.

According to the data, 12 to 33% of the 90Sr activity in wood ash is washed out with water, and 10.8 to 13.2% 
of the 90Sr activity in forest litter ash is washed out.

Experiments unveiled that 90Y leaching is invisible, unlike the studied 90Sr leaching.
The leaching of 137Cs from wood ash with water was 89 ± 4%, and from the ash of forest litter, corresponding 

to morphological layers A, B, and C, was 35.0 ± 2.5%, 7.5 ± 1.5%, and 1.1 ± 0.5%, respectively.
Recently, researchers observed an increase in the specific activity of 90Sr in the water of observation wells 

drilled at the Chornobyl NPP, located downstream of the groundwater flow from the fire centers and within 
them. This increase varied from 2 to 60 times, reaching values of 180 Bq/l, which can be attributed to the local 
impact of recent fires.

The time interval between the significant 2020 fire and the appearance of elevated 90Sr concentrations in 
groundwater samples from observation wells was 2.7 years, a crucial period that does not contradict the results 
of predictions of 90Sr migration in the aeration zone under similar conditions23.

Fig. 4.  Cumulative 90Sr activity leached from a pinewood ash sample with water, Bq.
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The estimates obtained during the laboratory experiment indicate that fires in radionuclide-contaminated 
territories should be considered a notable source of 90Sr entering surface and groundwater. This requires 
appropriate amendments to the regulations for the radioecological monitoring of waters.

Fig. 5.  Cumulative 90Sr activity leached from a forest litter ash sample with water, Bq.
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Fig. 6.  Direction of the spread of contaminated groundwater from fires in 2020 in the “Red Forest” PTLRW 
area on the Landsat satellite image dated September 20, 2020.
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Fig. 7.  Dynamics of change in specific activity of 90Sr in drilled well K-2/1, located downstream of 
groundwater flow from the burn site in 202025.

 

Scientific Reports |        (2025) 15:13910 11| https://doi.org/10.1038/s41598-025-99095-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Data availability
All data generated or analysed during this study are included in this published article [and its supplementary 
information files].
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