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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Pu remains in low-soluble form in the 
accidental horizon after 28 years.

• Alpha emitters are concentrated in ‘hot’ 
particles in the accidental horizon.

• Vertical migration of Pu through the 
peat profile has been assumed.

• After 28 years, the maximum levels of 
137Cs and 241Am are in the underlying 
horizon.
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A B S T R A C T

In 1993, a radiological accident at the Siberian Chemical Combine resulted in a persistent radioactive trace 
northeast of the Radiochemical Plant, raising long-term concerns about radionuclide mobility in the environ
ment. Among the long-lived radionuclides remaining in soils, plutonium-239 (239Pu) is of particular interest due 
to its high toxicity and complex environmental behavior. This study determined the distribution and dominant 
forms of plutonium more than a quarter century after the fallout. A rapidly growing stratified peat bog was 
subdivided into age horizons based on excess lead-210 (210Pb), which enabled confirmation of vertical migration 
of plutonium. Alpha Track radiography revealed that over half of the plutonium released during the accident 
remains trapped within low-solubility ‘hot’ particles. Data point to the gravitational vertical migration appears to 
involve small plutonium-bearing particles formed by the degradation of the original fallout material. These 

* Corresponding author.
E-mail address: vlasovaie@my.msu.ru (I.E. Vlasova). 

Contents lists available at ScienceDirect

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

https://doi.org/10.1016/j.scitotenv.2025.180859
Received 25 May 2025; Received in revised form 23 September 2025; Accepted 30 October 2025  

Science of the Total Environment 1005 (2025) 180859 

Available online 4 November 2025 
0048-9697/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:vlasovaie@my.msu.ru
www.sciencedirect.com/science/journal/00489697
https://www.elsevier.com/locate/scitotenv
https://doi.org/10.1016/j.scitotenv.2025.180859
https://doi.org/10.1016/j.scitotenv.2025.180859
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2025.180859&domain=pdf


findings emphasize the key role of the initial chemical and physical forms of plutonium in governing its long- 
term environmental fate.

1. Introduction

On 6 April 1993, at 12:58 p.m. local time, a radiological accident 
occurred at the Reprocessing Plant of the Siberian Chemical Combine in 
the Russian Federation (The Radiological Accident in the Reprocessing 
Plant at Tomsk, 1998; Lystsov et al., 1993). An explosion destroyed the 
first-cycle uranium and plutonium extraction installation, responsible 
for preparing the initial feedstock for extraction. The affected vessel was 
a stainless-steel container with a total volume of 34 m3 and a shell 
thickness of 14 mm. It was housed in a 4-m-diameter, 7.7-m-deep cell, 
surrounded by 1.2-m-thick concrete shielding. At the time of the acci
dent, the vessel held 449 g of plutonium (activity: 1012 Bq) and 8757 kg 
of uranium (activity: 1.1 × 1011 Bq), along with β-emitting radionuclides 
totaling 1.2 × 1014 Bq in activity. The accident was attributed to 
insufficient compressed air for proper solution mixing, the accumulation 
of approximately 150 L of organic material, and the presence of 
degraded solvent. These conditions likely caused the solutions to sepa
rate into distinct layers, triggering an autocatalytic, exothermic reaction 
involving the oxidation and nitration of the organic layer by nitric acid 
(The Radiological Accident in the Reprocessing Plant at Tomsk, 1998; 
Lystsov et al., 1993; Nosov, 1997; Porfiriev, 1996).

The accident produced a radioactive trace under steady southwest 
winds (190–210◦) at a speed of 8–13 m/s. Radioactive fallout was 
deposited onto a stable, meter-thick snowpack, which completely mel
ted by mid-May. The trace extended northeast from the Siberian 
Chemical Combine, deviating eastward about 7 km from the source and 

turning northward before reaching the village of Georgievka. The axial 
part of the trace, defined by the 1 μSv/h isoline, stretched for approxi
mately 15 km with a width of about 1 km (Fig. 1). The external gamma 
dose rate contours were based on aircraft and ground dose rate mea
surements conducted on 12–13 April along accessible routes at distances 
of 7–25 km from the accident site. Beta dose rate measurements revealed 
significant patchiness of contamination, associated with the presence of 
“hot” particles. Some isolated particles measured 8–10 μm in size and 
exhibited dose rates up to 220 μSv/h, primarily due to 95Nb (Lystsov 
et al., 1993). In April–May 1993, 97 % of radioactivity in snow samples 
collected along the radioactive trace was associated with particulate 
matter in the melted snow. The significant local heterogeneity of soil 
contamination was attributed to the presence of “hot” particles with 
activities up to n⋅105 Bq per particle, with a density estimated at 400 
particles per m2 near the village of Georgievka (Nosov, 1997).

The most detailed early studies were conducted near Georgievka, the 
only settlement affected by the fallout and located at the northeastern 
edge of the trace. The main hazard to the population was due to 90Sr and 
other β-emitters, which made the main contribution to the dose rate. The 
contribution of α-emitters was smaller: at the trace margin near Geor
gievka, 239Pu contamination density ranged from 7.4 to 14.8 MBq/km2 

(Lystsov et al., 1993). The total alpha activity of the contamination was 
distributed as follows: 0.8 (239Pu): 0.1 (234U): 0.1 (238U). (Lystsov et al., 
1993). The fallout trace was spatially restricted, as no evidence of 1993 
accident on Siberian Chemical Combine was found in the sedimentary 
record of Lake Krugloe (Vosel et al., 2019) located only 10 km west of 

Fig. 1. Sampling locations along the 1993 fallout trace. Contours and dose rate values (μGy h− 1) are based on the results of a gamma survey conducted on April 13, 
1993, outside the Siberian Chemical Combine (SCC) site (The Radiological Accident in the Reprocessing Plant at Tomsk, 1998). The inset in the upper left corner shows 
the location of the central part of the Tomsk region within northern Asia.

I.E. Vlasova et al.                                                                                                                                                                                                                               Science of the Total Environment 1005 (2025) 180859 

2 



the maximum dose fallout point. Currently, short-lived radionuclides 
have decayed, and attention has shifted to the migration of long-lived 
radionuclides, particularly plutonium isotopes. Their importance lies 
both in their complex chemical behavior and in their toxicity to humans 
via inhalation or ingestion with drinking water.

The migration behavior of plutonium is complicated by its multiple 
oxidation states and is influenced by both the characteristics of the 
plutonium source and geochemical properties and the mineral/organic 
composition of soils. In the environment, Pu occurs mainly as: (i) sorbed 
to inorganic phases (Fe/Mn oxyhydroxides, clays), (ii) bound to natural 
organic matter, (iii) low-solubility PuO₂ ‘hot’ particles, and (iv) dis
solved penta- or hexavalent species (Romanchuk et al., 2016). Sorption 
to inorganic phases and subsequent diffusion are recognized as key 
mechanisms for its retention. Lysimeter experiments at the Savannah 
River low-level waste site showed minimal desorption and migration of 
Pu in vadose sediments, regardless of the initial valence state (III, IV, V). 
Over 95 % of Pu remained within 1.25 cm of the source after 11 years 
(Kaplan et al., 2007, 2004, 2010, 2006) and even after aging during 32 
years (Emerson et al., 2019). Laboratory studies further demonstrated 
that PuO₂ nanoparticles formed on Fe oxides and quartz remain stable 
for months (Powell et al., 2011; Zavarin et al., 2014) and are highly 
kinetically stable even under acidic conditions (Romanchuk et al., 
2013).

Recent studies have highlighted the crucial role of natural organic 
matter in plutonium mobility (P. Zhao et al., 2011; Santschi et al., 2017; 
Lin et al., 2019), recognizing its dual role in both immobilizing and 
mobilizing Pu. Soil organic matter can either correlate with plutonium 
retention (Kazakevičiūtė-Jakučiūnienė et al., 2021; Xu et al., 2015; Lin 
et al., 2019) or promote Pu mobility via colloidal transport, as observed 
at the Nevada Test Site (P. Zhao et al., 2011) and the F-Area of the 
Savannah River Site (Santschi et al., 2017).

Low-solubility PuO₂ ‘hot’ particles form under high-temperature 
conditions such as weapons tests, industrial fires, or nuclear accidents. 
These particles, composed mainly of Pu(IV), are resistant to oxidation 
and dissolution in the environment. Documented cases include the non- 
nuclear explosion at Maralinga (Ikeda-Ohno et al., 2016), Rocky Flats 
(Conradson et al., 2011), and incidents at Thule and Palomares (Lind 
et al., 2007).

Plutonium transport via inorganic pseudocolloids has been observed 
near multiple nuclear legacy sites (Kersting and Zavarin, 2011; Novikov 
et al., 2006). Synthetic PuO₂ colloids have been extensively studied with 
respect to formation, solubility, aging, stability across pH ranges, and 
effects of Pu concentration, crystallinity, and initial oxidation state 
(Walther and Denecke, 2013 and references herein). The relative 
importance of intrinsic versus pseudocolloidal transport was highlighted 
in a study of intrinsic PuO₂ colloids and their transformation on clay 
surfaces (P. Zhao et al., 2020).

Direct speciation of radionuclides in contaminated soils using spec
troscopic methods is often limited by low concentrations (Conradson 
et al., 2011; Novikov et al., 2006). In such cases, radiography and 
sequential extraction provide valuable information on radionuclide 
partitioning. Radiography enables assessment of distribution unifor
mity, identification of localized concentrations (“hot” particles), esti
mation of their abundance, and quantification of their contribution to 
total radioactivity (Poliakova et al., 2024). Alpha Track radiography 
using solid-state detectors has confirmed the presence of ‘hot’ particles 
containing α-emitting radionuclides in soils from the 1993 radioactive 
trace (Tcherkezian et al., 1995; Gromov et al., 1995). Six months after 
the accident, non-destructive α-track analysis revealed increasing par
ticle abundance closer to the source, with soil α activities ranging from 
400 to 1500 Bq kg− 1 at distances of 7–1 km (Gromov et al., 1995).

For retrospective studies of radionuclide behavior, stratified undis
turbed natural archives such as lake sediments (Lin et al., 2019) and 
ombrotrophic peat bogs (Fiałkiewicz-Kozieł et al., 2025; Cwanek et al., 
2021; X. Zhao et al., 2024; Mezhibor et al., 2011; Yakovlev et al., 2021; 
Testa et al., 1999) are widely used. In most Northern Hemisphere peat 

profiles, maximum Pu levels generally correspond to 1952 and 1963, 
linked to global stratospheric fallout before the cessation of atmospheric 
tests (Fiałkiewicz-Kozieł et al., 2025; Cwanek et al., 2021; X. Zhao et al., 
2024). In contrast, Pu profiles in the Tomsk–Seversk region show 
different maxima and isotope ratios, reflecting contributions from the 
SCC (Gauthier-Lafaye et al., 2008; Fiałkiewicz-Kozieł et al., 2025).

The ombrotrophic nature of the Petropavlovsky Ryam peatland, 
hydrologically isolated and fed only by precipitation, has been docu
mented (Gauthier-Lafaye et al., 2008; Mezhibor et al., 2011). Detailed 
210Pb dating in 2 cm thick layers confirmed the vertical distribution of 
Pu isotopes along with the 241Am and 137Cs contents at several SCC- 
adjacent sites, including the Petropavlovsky Ryam (Gauthier-Lafaye 
et al., 2008). The role of organic ligands in U and Th binding has also 
been noted (Toropov et al., 2025).

Our study focuses on the distribution and migration behavior of Pu in 
soils from the radioactive trace of 1993 accident more than a quarter 
century after the fallout. We emphasize the identification of mobile and 
immobile forms of α-emitting radionuclides, particularly Pu, within a 
stratified, fast-growing peat profile with known age control. To eluci
date Pu mobility, we investigate both its vertical distribution across the 
profile and its microdistribution within individual soil layers, including 
its association with ‘hot’ particles.

2. Materials and methods

2.1. Sampling

Three sampling points were selected along the radioactive trace, 
differing in contamination intensity and soil composition. In August 
2019 surface soil samples (up to the depth 5 cm) were collected in two 
sampling points near the road towards Naumovka village at the location 
‘N-1’ and ‘N-2’ (Fig. 1). Samples were taken using the “envelope” 
method to control the spotty fallout and were named ‘N-1-1’, ‘N-1-2’, … 
and ‘N-2-1’, ‘N-2-2’… These two sampling points were located on the 
East edge of the radioactive trace of the accident 1993 with an initial 
dose rate of about 1μGy h− 1.

In July 2021 the peat core was collected from the active part (up to a 
depth of 50 cm) of the Petropavlovsky Ryam high-moor peat bog. The 
sampling point is located in the zone of maximum dose rates of the 1993 
accident and is marked on the map as ‘PPR’ (Fig. 1). Peat sampling was 
carried out by monolithic extraction through a soil pit to ensure the 
preservation of vertical stratigraphic integrity and minimize compaction 
of the peat matrix. This approach is widely used for obtaining undis
turbed samples for high-resolution geochemical and paleoecological 
studies (De Vleeschouwer et al., 2010). A rectangular pit (1.0 × 0.5 m) 
was excavated to a depth greater than the sampling depth. One vertical 
wall was cleaned with a stainless-steel knife to prepare a smooth strat
igraphic profile. A monolith (0.2 × 0.2 × 0.5 m) was then cut and 
extracted using a large stainless-steel knife to avoid metal contamina
tion. The peat block was divided into 10 cm layers (P-10, P-20, …, P-50). 
Each waterlogged layer (3–4 kg) was split vertically into two equal parts 
for parallel analyses. For the 10–20 cm interval (P-20), one half was 
further subdivided into 2.5 cm slices to study 210Pb, 137Cs, and Pu iso
topes in more detail.

Chronological markers for global fallout (1963) and the 1993 acci
dent were identified based on 210Pb dating and previous stratigraphic 
studies of the Petropavlovsky Ryam peat (Gauthier-Lafaye et al., 2008; 
Mezhibor et al., 2011), and our chronological data allowed us to 
conditionally separate these two main events.

2.2. Analytical methods

Soil and peat samples were air-dried to constant weight and gently 
disaggregated with a mortar and pestle to a fraction <0.25 mm. Gamma- 
emitting radionuclides 210Pb, 226Ra, 137Cs, 241Am were measured using 
γ-spectrometry with a broad energy (from 3 to 10,000 keV) 
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semiconductor HPGe detector (ORTEC DSPec50, AMETEK). The dried 
sample weight for gamma spectrometry was 7¬9 g. Each sample was 
analyzed in duplicate from independently prepared subsamples. 
Counting time was in a range from 90,000 to 300,000 s. The minimum 
detectable activities (MDA) for 210Pb and 226Ra, calculated based on 
counting times ranging from 90,000 to 300,000 s, were achieved as 1¬5 
Bq kg− 1.

Peat accumulation rates were estimated based on the excess of 210Pb 
(210Pbex) using 210Pb activity taking into account 226Ra activity and the 
model of the Constant Rate of Supply (CRS) developed by (Appleby and 
Oldfield, 1978) was applied. Experimental data for unsupported Pb-210 
in the peat profile were fitted by regression model to calculate accu
mulation rate in given peat cross section. Assuming constant accumu
lation rate and peat density in upper active layer, a peat accumulation 
rate of 0.5 cm year− 1/ was obtained, which is consistent with published 
estimates (Gauthier-Lafaye et al., 2008; Mezhibor et al., 2011).

Total Pu activity concentrations in peat and soil samples were 
determined after autoclave digestion with ultratrace grade acids 
(HNO3conc: HClconc: HFconc: H2O2) in a ratio 5:1:1:1 for 1.5 h at a tem
perature of 220 ◦C using the ETHOS Microwave Digestion System with 
1–3 g of dried samples. A 236Pu spike with a known activity was added 
prior to digestion to control the chemical yield. Therefore, standard 
post-digestion procedures (removal of HF traces with H3BO3, co- 
precipitation with calcium phosphate and separation on TRU/TEVA 
resins) followed by (Eichrom Technologies, LLC Method No: ACW17VBS 
Analytical Procedure Rev. 1.2, 2014). Sources for α-spectrometry were 
prepared using cerium fluoride microprecipitation and subsequent 
deposition on Triskem Resolve® membranes. Alpha sources were 
counted using an ORTEC Alpha-Ensemble-2 spectrometer with an ENS- 
U900 type UL-TRA-AS α detector having an area of 900 mm2 (AMETEK). 
Counting time ranged from 500,000 to 900,000 s. Alternative Pu data 
were obtained by leaching technique with ignited (450 ◦C, 6 h) samples 
with 6 M HCl +7 M HNO3 under gentle boiling for 1 h, a method widely 
used for organic matrices samples (e.g. plants and food). Due to 
incomplete recovery of Pu from peat (particulate-associated radionu
clides), these values are reported as “acid-soluble Pu.”

Elemental composition of the mineral fraction of the soils was 
determined by the XRF (Axios Advanced, PanAnalytical). Trace ele
ments in peat samples determined by ICP-MS (PlasmaQuant MS Elite) 
Autoclave digestion have been done in the same way as for Pu but with 
samples weight 0.1–0.5 g. Detection limits for REE, U, Th were 0.1–1 μg 
kg− 1. Ultratrace grade acids and deionized water Milli-Q Millipore, 18.2 

MΩ/cm were used for sample preparation. Internal standards for matrix 
effects and analytical drift correction (103Rh and 193Ir, 50 μg/L, online 
introduction via a T-connector) supplied.

Soil organic carbon (mentioned as Corg,) was determined with po
tassium bichromate‑sulfuric acid oxidation and photometric detection 
with Shimadzu UV-1900i UV–Vis spectrophotometer. Ash content in 
peat samples was measured as weight loss after drying to constant 
weight at 1050С and ignition at 4500С for 6 h.

Digital Radiography with Imaging Plate was performed using a 
Cyclone Storage Phosphor System (PerkinElmer) with SR (super reso
lution) Imaging Plate and Opti Quant software for scanning and pro
cessing images. The image resolution was 600 DPI, the pixel size was 
42х42 μm. Separate sample portions of each soil samples were placed in 
bags to estimate the uniformity of radioactivity distribution. The bags 
were laid out on a flat substrate and tightly covered with Imaging Plates. 
The exposure took from 43 to 145 h.

Alpha Track radiography employed with poly-allyl diglycol carbon
ate detector (MTrack GMScientific Ltd.). Detectors were etched in 
6.25М NaOH (80 ◦C, 4 h) and visualized by optical microscope 
(Olympus BX-51). Soil sample ‘N-1’ and peat samples taken at different 
depths were mounted as thin layer on double-sided tape and glued on 
the glass supports, sized to the α track detectors. Exposition time was 70 
days for soil ‘N-1-4’ and up to 41 days for peat samples ‘PPR’. To count 
α-tracks in the most active clusters in peat bog samples, an additional 
short exposure of 22 h was performed. The experimental setup and 
representative examples of α track etch pit images are shown in Fig. 2.

Scanning electron microscopy (JEOL JSM-6480LV with INCA 
Energy-350) in the back-scattered electron mode was used to search 
heavy-elements particles and to reveal their morphology and elemental 
composition.

2.2.1. Quality assurance and quality control (QA/QC)
QA/QC was ensured through the use of standard reference materials, 

laboratory duplicates, procedural blanks, yield tracers for Pu isotope 
determination, and regular verification and validation of measuring 
equipment.

For α-spectrometry, energy calibration was verified with mixed 
α-sources (238Pu and 241Am), with peak resolution maintained at ≤25 
keV FWHM. Counting times were adjusted to achieve relative statistical 
uncertainty below 10 % (k = 1). Plutonium chemical yields were 
routinely monitored using a 236Pu spike added prior to solubilization, 
with recoveries ranging from 43 % to 98 %.

Fig. 2. (A) Experimental design of α-track analysis: following close contact between the α-track detector and the sample preparation, after an exposure period and 
subsequent etching, evenly distributed multidirectionalαtracks and individual clusters of α tracks originating from single emission centers appear on the detector 
surface. (B) Example of evenly distributed multidirectional α tracks, corresponding to scattered α activity in the soil sample. (C) Example of an individual cluster of α 
tracks originating from a single emission center, corresponding to a ‘hot’ particle containing α-emitting radionuclides.

I.E. Vlasova et al.                                                                                                                                                                                                                               Science of the Total Environment 1005 (2025) 180859 

4 



The broad-energy high-purity germanium detector (BEHPGe) for 
γ-spectrometry was calibrated in energy and efficiency using the IAEA 
No. 447 multi-nuclide reference material. To ensure analytical quality, 
the detector efficiency was verified before each measurement series, and 
background spectra were recorded periodically. Analytical quality was 
further confirmed through routine measurement of IAEA-447 and in- 
house organic-matrix reference materials analyzed in identical geome
try. Measured activities consistently agreed with certified values.

The laboratory operates under ISO/IEC 17025 accreditation (Russian 
National Accreditation System), supported by annual internal audits and 
external assessments. Participation in the IAEA ALMERA proficiency 
tests for γ-emitting radionuclides demonstrated consistent agreement 
with certified values for environmental samples.

Trace elements measurements by ICP-MS in peat samples controlled 
using by BIL-1, Tr-1, LB-1 standards (produced by Vinogradov Institute 
of Geochemistry SB RAS, Russia) with recovery of trace elements within 
87–111 %. were quality-controlled using BIL-1, Tr-1, and LB-1 standards 
(Vinogradov Institute of Geochemistry SB RAS, Russia), with recoveries 
of 87–111 %.

2.3. Soil classification and composition

Soil samples ‘N-1’ and ‘N-2’ were referred to Luvic Greyzemic 
Phaeozems and Greyic Phaeozems respectively (World Reference Base 
for Soil Resources. International Soil Classification System for Naming 
Soils and Creating Legends for Soil Maps., 2022). These soils are typical 
for south part of Tomsk region; sampling points landscape is represented 

by pine forest mixed with wet mossy bogs and small birch groves. All soil 
samples are very similar to each other in the elemental composition of 
the mineral part and in the Organic Carbon (Corg) concentration 
(Tables S-1 - S-3). ‘N-2’ samples differ from ‘N-1’ in two times lower Corg 
content, as well as low sulfur content - below the detection limit. No 
technogenic influence was detected either in the main elemental 
composition or in trace elements in both groups of surface soils (‘N-1’ 
and ‘N-2’).

Peat deposit Petropavlovsky Ryam (‘PPR’) is the ombrotrophic type 
of the forest subtype with an atmospheric type of supply with a capacity 
of up to 2–2.5 m. The botanical composition of Petropavlovsky Ryam 
peat bog is described in (Mezhibor et al., 2011) and is presented mainly 
of Sphagnum magellanicum and Sphagnum fuscum. Table S-3 presents pH 
values of soils and peat along with Corg data for N-1, N-2 samples and ash 
content for peat samples.

3. Results

3.1. Radioactivity distribution in surface soil samples N-1 and N-2

Data on uranium (U) and thorium (Th) concentrations in soil samples 
are shown in Figure S-1. In surface soil ‘N-1’ (average of five samples), 
mean Th and U concentrations were 4.65 and 2.17 mg⋅kg− 1, respec
tively. In surface soil ‘N-2’ (average of three samples), they were 2.45 
and 4.01 mg⋅kg− 1. No significant differences were observed between 
neighboring sampling points (within 20–50 m), and concentrations were 
within the natural background range for the study area.

Fig. 3. Radionuclides specific activities and spatial microdistribution of α-emitting nuclides in surface soils ‘N-1’ and ‘N-2’ (A) Specific activities of 137Cs and 241Am, 
Bq kg− 1; (B) Specific activity of Pu isotopes, Bq kg− 1; (C–H) – examples of α track radiography images of sample N-1-4: (C, F) - evenly distributed α-activity, (D, E, G, 
H) – clusters of α tracks with a single point of emission, corresponding to “hot” microparticles. Activity values are given as of the date of measurements, for 2019.
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At site ‘N-1’ activity of 137Cs demonstrated pronounced lateral het
erogeneity on the meter scale, ranging from 13 to 64 Bq kg− 1. 241Am was 
detected above the limit of detection (LOD) at only three out of five 
sampling points, with values ranging from 2.2 to 4.3 Bq kg− 1 (Fig. 3A). 
In contrast, at site ‘N-2’ 241Am did not exceed the LOD, and the of ac
tivity of 137Cs there were 2–10 times lower than those at site ‘N-1’. Based 
on gamma spectrometry results, samples from the site ‘N-2’ were 
excluded from further plutonium measurements as unpromising. Alpha 
spectrometry of soil samples from site ‘N-1’ confirmed the data of 
gamma spectrometry measurements of 241Am and demonstrated the 
highest 239,240Pu activity values at point N-1-4 (34.4 Bq kg− 1, Fig. 3B).

Digital radiography with Imaging Plate of the samples ‘N-1’ and ‘N-2’ 
series showed an excess of photostimulated luminescence signal above 
background only in sample ‘N-1-4’. No noticeable unevenness in 
radioactivity distribution within the soil sample was observed. Figure S- 
2 presents a radiogram of a flat preparation of sample ‘N-1-4’, where the 
dark gray area corresponds to the soil sample, and the light gray rep
resents the cosmic and other types of background radiation.

Alpha track radiography allowed for extended exposure times 
without loss of signal quality or significant background interference. Soil 
sample ‘N-1-4’, having the highest plutonium content, was selected for 
detailed study of the α activity micro distribution. A 70-day exposure 
(27 mg sample, 2.5 cm2 area) showed that more than 90 % of the de
tector area is occupied by uniformly distributed α activity (example is 
presented in Fig. 3 C, F). Dense clusters of α tracks were also observed, 
corresponding to discrete ‘hot’ particles (HPs) (Fig. 3 D, E, G, H). These 
HPs exhibited specific α activities 1–4 orders of magnitude higher than 
the average uniform background. Rough estimates indicated that ~0.9 
⋅10− 3 Bq (about 25 % of the total α activity) was concentrated in ‘hot’ 
particles, while 3.2 ⋅10− 3 Bq (about 75 %) corresponded to uniformly 
distributed α activity.

A limitation of surface soil studies, however, is the absence of tem
poral information on radionuclide dynamics. To better assess long-term 
Pu migration, a stratified peat profile located within the axial contam
ination zone was analyzed.

3.2. Peat bog profile: 210Pbex chronology and Peat Accumulation Rate

The measurement of 210Pb activity in the peat profile showed a 
consistent exponential decrease with depth (Table S-6), justifying the 
application of a simplified Constant Rate of Supply (CRS) model based 
on unsupported 210Pb distribution (Appleby and Oldfield, 1978). This 
model is considered reliable for age intervals of several years and was 
previously applied for dating the peat profile of Petropavlovsky Ryam 
deposit (Gauthier-Lafaye et al., 2008). Peat chronology based on 
measured 210Pbex and CRS dating model confirmed that peat has accu
mulated at an average rate accumulation of 0.50 cm per year consistent 
with earlier estimates of dating for the upper 30 cm in the range of 
0.47–0.53 cm year− 1 (Gauthier-Lafaye et al., 2008). In the 14 years since 
those measurements, the peat growth estimated as 6–7 cm, which is 
confirmed both 210Pb dating and the coincidence of the Pu peaks. 
Furthermore, similar rates of peat accumulation rate have been found in 
the peat deposit very close to Petropavlovsky Ryam, 2 km northwest of 
Tomsk city - from 0.4 to 1.2 cm year− 1, with an average of 0.53 cm/year 
(Fiałkiewicz-Kozieł et al., 2025). The 210Pb derived chronology is 
independently supported by the global fallout peak of 137Cs observed in 
20–30 cm layer.

Based on this chronology data, a 10-cm-thick core section corre
sponds to approximately 20 years of accumulation. Consequently, the 
depth corresponding to the 1993 accident was estimated at 12–14 cm, 
while the maximum fallout from global atmospheric nuclear testing 
(circa 1963) was identified at 25–28 cm depth.

3.3. Uranium and thorium concentration and ash content in peat profile

The concentrations of Th and U in the peat profile ranged from 0.2 to 

1.2 mg⋅kg− 1and from 0.3 to 1.3 mg⋅kg− 1, respectively. Vertical varia
tions in U and Th concentrations correlated both with each other and 
with the ash content of peat samples (Table 1). The highest ash content 
was observed in the 30–40 cm layer, which dates back to the mid-20th 
century. During this period, the likely main source of dust loading was 
urban construction activities in the city of Seversk. The contents of U and 
Th, as well as their ratio, do not reliably indicate anthropogenic input of 
U into the peat deposit. Comparison of Th and U concentrations in the 
peat profile with those in surface soils ‘N-1’ and ‘N-2’ (Figure S-1) 
confirmed a correlation between Th and U concentrations and the pro
portion of the mineral fraction in the soils.

3.4. Vertical distribution of artificial radionuclides in the peat core

Results of γ spectrometry measurements of 137Cs and 241Am, and α 
spectrometry measurements for total 239,240Pu and the acid-soluble 
fraction of 239,240Pu in the horizons of the peat core are summarized 
in Fig. 4 B-E and Tables S-4, S-5. Vertical distributions of radionuclides 
along the peat profile were measured at 10 cm intervals, averaging 
radionuclide data over 20-year peat accumulation periods. In the second 
horizon, 10–20 cm deep, corresponding to the period of the 1993 acci
dent, higher-resolution sampling was carried out at 2.5 cm intervals: 
10.0–12.5 cm; 12.5–15.0 cm; 15.0–17.5 cm; and 17.5–20.0 cm.

All studied radionuclides exhibited broadly similar vertical distri
butions across the peat profile. Maximum specific activities of 137Cs, 
241Am and 239,240Pu were observed in the 20–30 cm layer, corre
sponding to the 1960–1980 period. Relative to the 10–20 cm horizon 
(1993 fallout), 241Am activity was ~5 times higher, 137Cs about ~3 
times higher, acid-soluble 239,240Pu ~ 2 times higher and total 239,240Pu 
~ 4 times higher (Fig. 4 B-E). However, an anomalously high total Pu 
activity was recorded in sample P-20 (1015 and 2080 Bq kg− 1 (table S- 
5).This peak is supported by Alpha Tracking radiography data and likely 
reflects heterogeneous deposition of Pu-containing “hot” particles rather 
than a gross analytical error. Comparable values were reported by 
Gromov et al. (Gromov et al., 1995), where α-track studies yielded ac
tivities of ~1500 Bq kg− 1at the most contaminated sites.

The anomalous Pu values from sample P-20 were excluded from 
calculation of the mean total Pu activity for this horizon. Repeated 
measurements of the bulk P-20 sample and its four sublayers yielded 
more typical Pu activities of 25–40 Bq kg− 1 (Tables S-4, S-5).

3.5. Alpha track radiography of Petropavlovsky Ryam peat profile 
samples

Alpha Track radiography of the peat profile confirmed a highly un
even distribution of α-emitting radionuclides within individual layers. 
Against a background of uniformly distributed multidirectional α tracks, 
numerous clusters of α tracks originating from single emission centers 
were observed (Fig. 2 B, C; Table S-7; Figures S-3 – S-21). The uniform 
tracks represent diffusely distributed α emitters, whereas the clustered 
tracks indicate discrete ‘hot’ particles.

This method enables quantitative assessment of α-emitter activity, 
providing information on both the dispersed fraction and concentrated 
“hot” particles. For particles with high specific α activity, overlapping 
tracks complicate counting; to resolve this, multiple exposures of 
different durations were performed on the same preparation. Examples 

Table 1 
Thorium and Uranium concentration and ash content of peat bog samples.

Sample Depth, cm Th, mg⋅kg− 1 U, mg⋅kg− 1 Ash, %

P-10 0–10 0.25 0.31 6.8
P-20 10–20 0.38 0.45 6.6
P-30 20–30 0.9 0.58 9.1
P-40 30–40 1.17 1.27 13.1
P-50 40–50 0.74 0.65 9.8
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for two microparticles are shown in Fig. 5. This approach allowed 
determination of both low-activity dispersed emitters and highly active 
particles. To ensure comparability, results were normalized to sample 
mass, area, and exposure time.

From α-track analysis, three parameters were calculated: 

1. Specific number of dispersed α tracks per unit area or mass per 
exposure time;

2. Specific number of track clusters from single emission centers (“hot” 
particles) per unit area or mass;

3. Number of α tracks within “hot” particles per exposure time.

The sum of (1) and (3) represents total α activity (track counts), 
while the ratio of (3) to the total gives the fraction of α activity in “hot” 
particles (HPfr).

The vertical distribution of α emitters varied markedly. The lowest 
densities of “hot” particles were found in the 0–10 cm and 30–40 cm 
horizons (0.28 and 0.20 mg− 1, respectively). Fig. 6A compares the 
density of “hot” particles in each horizon with HPfr values. The lowest 
HPfr (2 %) occurred in the uppermost layer, while the highest (78 %) was 

observed in the 10–20 cm horizon. HPfr values in the 20–30 cm and 
30–40 cm horizons were 43 % and 15 %, respectively. The elevated HPfr 
at 10–20 cm, corresponding to the 1993 fallout, matches expectations.

Interestingly, the density of “hot” particles was higher in the 20–30 
cm horizon than in the 10–20 cm horizon. This may reflect post- 
depositional processes: over the 28 years since the accident, some 
fallout particles likely underwent dissolution or fragmentation, with 
smaller fragments migrating downward. As a result, particle numbers 
increased, but their lower specific activities reduced their relative 
contribution to total α activity compared with the original fallout layer.

3.6. Uranium containing particles

Peat samples from areas showing α-track clusters were further 
examined by scanning electron microscopy in backscattered electron 
mode (SEM-BSE) to identify ‘hot’ particles. Among several dozen 
analyzed areas corresponding to α-track clusters (Figures S-3, S-7 – S-17, 
S-19), only three uranium-containing particles were found (Fig. 7): one 
particle in the second horizon P-20 (10–20 cm) and two particles in the 
third horizon P-30 (20–30 cm). Most α-track clusters not confirmed by 

Fig. 4. Peat profile characteristics. (A) 210Pb activity (Bq kg− 1) and age model based on Constant Rate of Supply (CRS) approach (5.0 mm year− 1); (B) 241Am activity 
(Bq kg− 1); (C) 137Cs activity (Bq kg− 1), as measured in 2021; (D) total 239,240Pu activity (Bq kg− 1); (E) acid-soluble fraction of 239,240Pu (Bq kg− 1).

Fig. 5. Alpha Track images of two α -emitting microparticles exposed for different durations: HP1 from 10 to 20 cm layer (A,B); and HP11 from the 20–30 cm layer 
(C, D); different exposure time: 41 days (A, C) and 22 h (B, D). The scale bar corresponds to 100 μm.
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SEM-EDX likely correspond to α-emitting radionuclides with much 
shorter half-lives than uranium, resulting in very low elemental con
centrations below SEM detection limits. In the context of the 1993 
fallout, these undetected particles can be confidently attributed mainly 
to Pu.

4. Discussion

4.1. Stability of plutonium-containing ‘hot’ particles and lateral 
distribution of plutonium

Alpha-track radiography demonstrated that plutonium in the acci
dental horizon predominantly occurs in the form of particles, with a 
large number of smaller particles also present in the underlying layer. 
The persistence of plutonium-containing ‘hot’ particles for more than a 
quarter of a century, given that the source of radioactive contamination 
was liquid waste, deserves particular attention. Most of the plutonium 
has remained in a poorly soluble form under the specific conditions of a 
peat bog: a water-saturated environment rich in natural organic matter, 
with a pH of about 5.

The absence of detectable particles in areas with dense α-track 
clusters, despite thorough SEM characterization, may suggest that these 
particles are nanoscale in size and that plutonium concentrations are 
below the SEM detection limit. It remains uncertain whether these 
particles should be classified as intrinsic colloids or pseudo-colloids. 

Nucleation of plutonium nanoparticles might even have started within 
the original extraction installation before the accident. According to 
meteorological data, the radioactive release coincided with snowfall, 
which could have promoted the settling of particles on the snowpack. 
Previous studies have shown that plutonium dioxide particles formed 
under acidic conditions exhibit enhanced stability (P. Zhao et al., 2020; 
Tasi et al., 2018).

Marked lateral variability in plutonium concentrations at the meter 
scale was observed at the edge of the radioactive trace (site ‘N-1’). The 
239Pu content varied by a factor of 5–10, with the highest value recorded 
in sample ‘N-1-4’, coinciding with the lateral distribution of 137Cs. 
Similar patchiness in the lateral distribution of γ-emitting nuclides was 
reported shortly after the accident in the same sampling area (near the 
road Georgievka - Naumovka) and was attributed to aerosol deposition 
in the form of individual particles, predominantly containing 95Nb and 
106Ru at that time (Nosov, 1997). It is therefore reasonable to assume 
that plutonium was also deposited as individual particles during the 
fallout.

In sample N-1-4, selected for detailed analysis, we observed pro
nounced heterogeneity in the microdistribution of α emitters at scales 
ranging from millimeters to microns. Soon after the accident, Tcherke
zian, Gromov, and co-authors (Tcherkezian et al., 1995; Gromov et al., 
1995) reported similar extreme micro-scale heterogeneity of α emitters, 
with spots of 10–100 μm in size, where α activity exceeded the sample 
average by factors 100–1000. However, those early studies did not 

Fig. 6. Alpha Track Analysis of surface soil sample N-1-4 and Petropavlovsky Ryam peat profile samples. (A) - Fraction of α-radioactivity trapped in “hot” particles 
(green) and specific number of “hot” particles per mg of soil sample (orange). (B) Alpha activity in dispersed form: number of α tracks detected outside “hot” particles 
per mm2 of sample per day of exposure.

Fig. 7. EDX spectrum (A) and SEM-BSE images (B–D) of uranium-containing particles from peat horizons 10–20 cm (A, B) and 20–30 cm (C, D).
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quantify the fraction of radioactivity contained within ‘hot’ particles.
According to our data, in soil sample ‘N-1-4’ (located at the trace 

edge), approximately 25 % of the total α activity was associated with 
‘hot’ particles. In peat soils located within the axial part of the radio
active trace, this value ranged from 15 % (in the 30–40 cm layer) to 78 % 
(in the 10–20 cm layer). The uneven Pu activity distribution within the 
accidental horizon, with several anomalous values in peat monoliths 
(20 × 20 cm) exceeding the mean by one to two orders of magnitude, 
confirms that Pu was deposited in the form of microparticles.

4.2. Vertical migration of Plutonium under peatland environment

Across the Northern Hemisphere, numerous studies report that 
plutonium activity in the global fallout horizon of peat profiles is typi
cally ranges between 10 and 25 Bq kg− 1(Fiałkiewicz-Kozieł et al., 2025; 
Cwanek et al., 2021). In contrast, our measurements of 239,240Pu activity 
in the 20–30 cm peat horizon, corresponding to the global fallout level, 
were much higher, reaching 167 Bq kg− 1 (acid-soluble Pu: 72 Bq kg− 1). 
Together with the relatively low 238Pu/239,240Pu isotopic ratio (0.017 ±
0.002 compared with 0.025–0.040 for global fallout), this indicates a 
different origin of Pu, clearly not from global fallout. Importantly, the 
isotopic ratio 238Pu/239,240Pu in both the accident horizon (10–20 cm) 
and the underlying horizon (20–30 cm) remained within a narrow range 
of 0.014 ± 0.002, pointing to a single source, most likely aerosol fallout 
from the Siberian Chemical Combine. Considering the only recorded 
release beyond the enterprise boundaries—the 1993 accident—the 
elevated Pu activity in the 20–30 cm layer can be explained by down
ward migration from the accident horizon.

Most peat profiles show no evidence of significant vertical migration 
of global fallout Pu (Fiałkiewicz-Kozieł et al., 2025; Cwanek et al., 2021; 
X. Zhao et al., 2024) with rare exceptions (Quinto et al., 2013; Mróz 
et al., 2017). However, Pu behavior strongly depends on its origin: 
global versus accidental fallout. Vertical redistribution of Pu from the 
Chernobyl accident has been demonstrated in several studies (Bossew 
et al., 2004; Orzeł and Komosa, 2014)), with gradual dissolution of fuel 
particles driving the release and downward migration of associated ra
dionuclides (Kashparov et al., 2009). A key feature of accidental fallout 
is the dual occurrence of Pu in dissolved and particulate forms. Over 
time, Pu-containing microparticles disintegrate into smaller fragments 
that can percolate to deeper horizons under gravity and subsequently 
dissolve due to their increased surface area. The fragmentation of large 
radioactive particles following the 1993 accident was documented by 
Tcherkezian et al. (Tcherkezian et al., 1995), who reported that ‘hot’ 
particles as large as 120 × 200 μm could break down into ~25 smaller 
particles of ~10 μm.

Our Alpha Track radiography data confirm this process. In the ac
cident horizon (10–20 cm) of the Petropavlovsky Ryam peat profile, 
approximately 80 % of the α activity is associated with ‘hot’ particles. In 
contrast, in the underlying horizon (20–30 cm; 1960–1980), diffuse 
α-emitters dominate over α activity bound in ‘hot’ particles (Fig. 6). This 
suggests that soluble Pu and Pu associated with small particles migrated 
from the 1993 horizon (~13 cm depth) to the 20–30 cm horizon, cor
responding to a vertical displacement of at least ~8 cm. The primary 
mechanism for Pu mobilization and migration is the complexation with 
organic ligands that enhance solubility and transport (Wasserman et al., 
2023; Sokolik et al., 2004).

4.3. U and Th concentration

Uranium and thorium contents in soil and peat samples correlate 
with the mineral component fraction. In the peat profile, maximum U 
and Th concentrations coincided with the maximum ash content and 
corresponded to the 1940–1960 period, likely associated with increased 
dust loading during construction activities in Seversk. The U and Th 
concentrations do not exceed natural background levels. However, we 
cannot completely exclude a minor anthropogenic contribution of 

uranium, particularly given the detection of uranium microparticles by 
SEM-EDX analysis. Nevertheless, this contribution appears insignificant 
compared to background uranium levels in neighboring areas unaffected 
by the accident trace (Gedeonov et al., 2009).

5. Conclusions

1. More than a quarter of a century after the accident, the lateral dis
tribution of plutonium isotopes and other radionuclides remains 
highly heterogeneous, consistent with initial post-event observa
tions. The peat horizon directly affected by the 1993 accidental 
fallout (10–20 cm) contains anomalous, spotty values with Pu ac
tivity reaching thousands of Bq kg− 1, exceeding mean values in peat 
layer by orders of magnitude. The highest activities of 137Cs and 
241Am in the peat horizon (20–30 cm), far surpassing typical levels 
attributable to global fallout in the region.

2. The Pu activity in peat horizon corresponding to 1960–1980 yy 
(20–30 cm) significantly exceeds the Northern Hemisphere’s global 
fallout levels. The 238Pu/239,240Pu isotope ratio in this horizon de
viates from the published range for global fallout, providing clear 
evidence of the accidental source. The data suggest vertical gravi
tational migration of Pu containing particles within the peat profile 
from the initially contaminated horizon to the underlying layers.

3. The physicochemical forms of plutonium differ fundamentally be
tween the studied horizons. In the underlying horizon (20–30 cm), 
plutonium is predominantly present in a dispersed, acid-soluble 
form, likely associated with organic matter. In contrast, within the 
1993 accident affected horizon, the majority of plutonium (~80 %) 
remains in poorly soluble particulate forms. These finding highlights 
that for the accurate determination of Pu activity in such accident- 
affected samples, a complete digestion pretreatment, including the 
use of hydrofluoric acid, is essential.

4. The concentrations of uranium and thorium in soil samples from the 
radioactive trace are generally consistent with regional background 
levels found outside the accident-affected area. However, the pres
ence of individual uranium (hydro)oxide particles in the 10–20 cm 
and 20–30 cm horizons localized technogenic uranium contribution 
cannot be entirely excluded.
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