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Abstract
On October 11, 2018, in the Ulytau region of the Republic of Kazakhstan, the Soyuz-FG launch vehicle carrying a crewed 
MS-10 spacecraft failed. It resulted in the release into the fragile arid ecosystems of rocket propellants, i.e., jet fuel of toxic 
hazard class 4 and carcinogenic unsymmetrical dimethyl hydrazine (heptyl, UDMH). In this paper, we described the results 
of soil surveys conducted in 2018, 2019, 2022, and 2023. In the fragile arid ecosystems in Central Kazakhstan, due to the 
emergency falling of the launch vehicle, environmental consequences were registered at a total area of about 1350 m2, includ-
ing spillage of jet fuel and UDMH in the territories of 400 m2 and 9 m2, respectively. The third stage disintegrated and fell 
down within an area of 4.4 km2. Immediately after the emergency crash of the second stage, the content of total petroleum 
hydrocarbons (TPHs) reached 1645 mg/kg, decreasing 10 times in 3.5 years. At the fuel tank falling site, the concentration of 
highly toxic carcinogenic UDMH and nitrosodimethylamine (NDMA) reached 22 and 9 mg/kg, which is many times higher 
than the maximum permissible concentrations. Four years after reclamation, the content of both substances did not exceed 
0.05 mg/kg—the lower limit of sensitivity of a highly performed liquid chromatography. The content of TPHs, water-soluble 
Cl− and SO4

2−, and alkalinity from CO3
2− was significantly (p < 0.05) higher in autumn of 2022, and the content of total N, 

water-soluble NO3
− and NO2

−, and alkalinity from HCO3
− was higher in spring of 2023. In spring and autumn, the content 

of exchangeable Ca2+ and Mg2+, cation exchange capacity was similar (p > 0.05). The presented materials can be used to 
optimize the restoration of disturbed arid ecosystems and future monitoring work at sites of regular landing of the first stages 
and emergency crash sites of launch vehicles.

Keywords  Environmental impact · Nitrogen · Remediation · Rocket propellant components · Ecological consequences · 
Ecological damage · Carcinogenic chemicals

Introduction

Space rockets like all other powered vehicles affect the 
environment at all stages of their use (Dallas et al. 2020; 
Liu et al. 2022; Koroleva et al. 2024). In the Baikonur 
cosmodrome, using of the Proton and Soyuz launch vehi-
cles is associated with environmental impact on the frag-
ile arid ecosystems. In 1999–2024, using of the Soyuz 
launch vehicles was accompanied by predominantly allow-
able ecological consequences (Epifanov et al. 2009; Mak-
simenko 2020). However, there are several speculative 
works postulating the formation of environmental disas-
ter zones as a result of the use of the Baikonur cosmo-
drome without any reliable and reproducing data (UNDP 
2004; Williams 2013; Kopack 2019, 2021; Dallas et al. 
2020). The only accident involving a launch vehicle Soyuz 
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occurred on 11.10.2018 (Koroleva et al. 2021). But its 
environment was analyzed insufficiently (Bekeshev et al. 
2024).

Due to the first stage being separated irregularly, the 
linked second and third stages fell to the ground acciden-
tally. The landing module holding the cosmonauts separated 
normally and the astronauts received only significant over-
loads. The first stage landed in the specially designated drop 
area. Fragments of the second stage and the fairing crash-
landed in an unspecified territory of other falling regions. 
The third stage disintegrated into at least 65 fragments and 
fell east of the falling region in the Kara-Kengir River val-
ley (at least 65 m from it) within an area of 4.4 km2. Four 
fragments of the tail compartments were found 7 km south 
of the area where the third-stage fragments were released. 
Spherical fuel tanks of the crewed spacecraft Soyuz MS-10 
with highly toxic unsymmetrical dimethylhydrazine (UDMH 
or heptyl) landed on the northern border of the area where 
fragments of the third stage were dispersed, 0.9 km from the 
Kara Kengir River.

Traditionally, among all kinds of aerospace transporta-
tion impact, the greatest public attention has been attracted 
to environmental pollution with highly toxic carcinogenic 
rocket propellants namely UDMH. At the falling site of fair-
ing, due to the absence of contamination of ecosystems by 
rocket propellants (based on the results of the environmental 
impact assessment in October 2018), subsequent monitoring 
of soil properties was not initiated. The fall of the blocks of 
the first stage of the Soyuz launch vehicle was accompanied 
by the allowable entry of jet fuel and H2O2 into the arid eco-
systems. Soil polluted with highly toxic UDMH was trans-
ported to the Baikonur cosmodrome for remediation, similar 
to the previous accident of the Proton launch vehicle, which 
was also accompanied by UDMH entering ecosystems.

To assess the long-term consequences for the ecosystems 
in Central Kazakhstan of the emergency fall of fragments 
of the Soyuz-FG launch vehicle launched on October 11, 
2018, and to control morphological and chemical properties 
of the soils in the affected areas in September 2022 and in 
May 2023, an international group of Kazakh and Russian 
researchers was created. The purpose of these works was 
to assess the current state of ecosystems, including soils 
according to chemical properties.

In total, three areas were examined, corresponding to 
emergency falling sites of the second stage of the Soyuz-
FG launch vehicle, spherical fuel tanks of the Soyuz-MS-10 
spacecraft, and background areas. Depending on the pollut-
ants at each site, the most relevant analytes were selected 
from the list of those controlled in the Republic of Kazakh-
stan at the falling regions of the first stage of the Proton and 
Soyuz launch vehicles. Moreover, preliminary field works 
were conducted in 2018 and 2019.

Materials and methods

The main field soil works were carried out in September 
2022 and May 2023 and included a description of three soil 
cross-sections and soil sampling (Table 1). In addition, an 
initial environmental assessment was carried out as part 
of the route planning process after each launch, and pre-
liminary fieldwork was conducted 1 year after the accident, 
respectively. From the cross-sections, soil samples were 
taken from each genetic horizon (from the surface to a depth 
of 110 cm). At the second stage falling site, samples were 
taken from the auger holes at depths of 0–25 and 25–50 cm. 
At the falling site of spherical fuel tanks and in background 
areas outside the impact zone resulting from accident-related 

Table 1   Brief characteristics of the studied areas

The subscript to the right of the horizon index indicates its lower boundary (in cm); for parent material, the depth of the section

Characteristic Second stage falling site Falling site of the spherical fuel tanks Background area

Coordinates N 47° 27′55.2″ N 47° 31′ 30.6″ N 47° 35′ 24.6″
E 67° 47′ 52.7″ E 67° 58′ 42.5″ E 67° 49′ 05.4″

Relief Leveled surface at the interfluve An elongated local micro depression associated with the floodplain of 
the Kara Kengir River

Vegetation Grassy and ephemeral vegetation with 
predominance of Stipa sareptana and Cera-
tocarpus arenarius

Shrubby vegetation with predominance 
of Artemisia pauciflora and Atriplex 
cana

Shrubby vegetation with pre-
dominance of Anabasis salsa 
and Atriplex cana

Total projective 
cover of vegeta-
tion, %

40–50 20–30 20–30

Soil name Calcic Solonetz (Endorenic, Anoclayic, Epic, 
Endosceletic)

Calcic Gypsisols (Endic, Siltic) Calcic Gypsisols (Clayic, Endic)

Soil horizon name E8–Btn25–Bk135–Bk266–2Ck90 Ak8–ABk19–Bwy70–Cy110 Ak5–ABk20–By30–Cy95

Parent material Eluvial-deluvial loams Ancient alluvial loams Ancient alluvial loams
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factors, samples were taken from the auger holes at depths 
0–50, 50–100, and 100–150 cm (Table S 1).

All soil properties were analyzed in accordance with 
methods approved in Russia and Kazakhstan. As this work 
was related to environmental impact assessment, certified 
methods were used that are within the scope of the accredi-
tation of the relevant Russian and Kazakh laboratories. The 
focus was on indicators of substance composition that reflect 
soil functioning and analytes for which maximum permis-
sible concentrations have been justified both in Russia and 
Kazakhstan.

The pH value, cation–anion composition, specific elec-
trical conductivity, and mass of the dense residue were 
determined in the aqueous extract. Cation exchange capac-
ity (CEC) was measured using a BaCl2 extraction solution. 
Basicity was determined titrimetrically with sulfuric acid 
and indicators namely methyl orange and phenolphthalein 
(Pansu and Gautheyrou 2006). The total nitrogen (Ntot) and 
organic carbon (TOC) content was determined using the 
Kjeldahl and bichromate method, respectively.

The methods of extraction of UDMH and NDMA from 
the soil are based on extraction using 1 M hydrochloric acid, 
distillation with vapor into acid solution, and subsequent 
analysis of the distillation by ion chromatography. The 
content of UDMH and NDMA was determined using ion 
chromatography with amperometric detection (Smolenkov 
et al. 2005) and high-performance liquid chromatography 
with amperometric or spectrophotometric detection (Pon-
omarenko et al. 2009), respectively. Quantitative calcula-
tions were carried out using the external standard method 
by peak area.

TPHs were determined fluorimetrically using the spec-
troscopy method by Shpol’skii (Gooijer et al. 1997; Genna-
diev et al. 2015) based on the fluorescence of some unsatu-
rated petroleum components bearing fluorophores in their 
structure. This simple, quick, low-cost technique provided a 
strong correlation with commonly used reference methods, 
e.g., chromatography (Patra and Mishra 2000; Meira et al. 
2011; Włodarski et al. 2013; Pikovskii et al. 2017). TPHs 
were extracted from the soil with hexane under dynamic 
conditions using a 25 cm3 glass volumetric flask and “red 
ribbon” filters, pre-washed with hexane, and tested for 
residual concentration of TPHs. TPH concentration was 
measured on a Fluorat-02 liquid analyzer (Russia) using 
hexane-based calibration solutions. The rocket propellant 
differs from other hydrocarbon fuels by the low content of 
unsaturated compounds and consists of mainly cycloalkanes 
not capable of fluorescing. This may result in significant 
underestimation of the measured TPH values. However, the 
fluorimetric determination of TPHs in soils is one of the cer-
tified methods in both Russia and the Republic of Kazakh-
stan, unlike, for example, the chromatographic determina-
tion of kerosene. The corresponding method (Bolotnik et al. 

2015, 2018) is certified only in Russia and therefore cannot 
be used in such arbitration issues as assessment of soil pol-
lution with hydrocarbons in the Republic of Kazakhstan.

Subsets were used for subsequent calculations and analy-
ses—descriptive statistics to characterize the relevant area 
and its parts, paired Wilcoxon test to assess the influence of 
the seasonality factor on the controlled properties, Spearman 
correlation coefficients, Mann–Whitney U-test. The speci-
fied calculations and visualization of the results were con-
ducted using Excel, Statistica-7 packages, and Arc-Gis-10 
software. The threshold level for identifying significant dif-
ferences was taken to be p = 0.05.

Results and discussion

Due to the emergency falling the launch vehicle, the eco-
systems of three sites in the Kazakh Upland (Ulytau region, 
Central Kazakhstan) were subjected to mechanical, chemi-
cal, and pyrogenic effects, typical for the rocket and space 
transportation (Koroleva et al. 2023) at a total area of about 
1350 m2, including spillage of jet-fuel at the second stage 
falling site and spillage of UDMH from the spherical fuel 
tanks in the territories of 400 m2 and 9 m2, respectively. At 
the latter spillage site, polluted soil was removed for subse-
quent remediation in the Baikonur cosmodrome. Pyrogenic 
impact zones covered a total area of about 950 m2 at the fuel 
tank falling site.

As data on the pH value and the content of TPHs obtained 
by two laboratories are in good agreement with each other, 
further in the text, visualization of material obtained in one 
of the laboratories is presented. Data obtained by the Yuzhny 
Space Center in 2022 and 2023 are used to describe seasonal 
differences in the soil properties. Temporal changes in the 
content of rocket propellants and their derivatives, as well 
as pH value in the soils of two falling sites, are characterized 
according to the data by Infracos laboratory.

Background area

In the background areas, the content of exchangeable Ca2+ 
and Mg2+ was 10–27 and 0.8–10.6 mmol/100 g, respec-
tively, with a cation exchange capacity of 30–50 mmol/100 g 
(Table 2). There are no significant differences in spring and 
autumn data sets from three cross-sections (Table S 2). The 
soil pH value ranged from 8.2 to 10.2. NO3

− content did 
not exceed 130 mg/kg—maximal permissible concentration. 
In soils, NO3

− content did not differ significantly between 
spring and autumn according to the Wilcoxon paired test.

The content of water-soluble Cl−, SO4
2−, and basicity of 

CO3
2− is higher in autumn, and the basicity of HCO3

− is 
higher in spring. This is due to the fact that by autumn, easily 
soluble salts with rising vertical flows from the subsoil to the 
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Table 2   Chemical properties 
of the studied soils (data by the 
laboratory of the Yuzhny Space 
Center)

Soil property Year Sampling* min max M Me SD Cv, % n

Background area, *sampling depth in cm
  Exchangeable Ca2+, 

mmol/100 g
2023 0–25 10 10 10 10 0 4 2
2022 11 12 11 11 1 11 2
2023 25–100 13 27 23 27 8 36 3
2022 11 17 15 17 3 20 3

  Water-soluble Cl−, mg/kg 2023 0–25  < 1 77 39 39 54 140 2
2022 798 8206 4502 4502 5238 116 2
2023 25–100  < 1 – – 3
2022 3741 12776 7094 4764 4948 70 3

  Basicity of CO3
2−, mmol/100 g 2023 0–25 0.15 0.15 0.15 0.15 – – 2

2022  < 0.1 0.50 0.28 0.28 0.32 116 2
2023 25–100  < 0.1 – – 3
2022  < 0.1 0.40 0.17  < 0.1 0.20 121 3

  Basicity of HCO3
−, mmol/100 g 2023 0–25 0.52 0.88 0.70 0.70 0.25 36 2

2022 0.30 0.65 0.48 0.48 0.25 52 2
2023 25–100 0.50 0.55 0.52 0.50 0.03 6 3
2022 0.20 0.55 0.37 0.35 0.18 48 3

  Exchangeable Mg2+, 
mmol/100 g

2023 0–25 3.6 3.8 3.7 3.7 0.1 4 2
2022 1.7 3.0 2.4 2.4 0.9 39 2
2023 25–100 0.8 3.2 2.2 2.7 1.3 57 3
2022 4.2 10.6 7.4 7.3 3.2 43 3

  NO2
−, mg/kg 2023 0–25  < 1 – – 2

2022  < 1 – – 2
2023 25–100  < 1 8.8 2.6 0.5 4.2 161 4
2022  < 1 – – 4

  Water-soluble NO3
−, mg/kg 2023 0–25 23 116 70 70 66 95 2

2022  < 1 3.9 2.2 2.2 2.4 109 2
2023 25–100 3 130 38 10 61 162 4
2022  < 1 110 32 8 53 167 4

  Water-soluble SO4
2−, mg/kg 2023 0–25  < 1 273 137 137 193 141 2

2022 3221 9498 6360 6360 4439 70 2
2023 25–100  < 1 – – 3
2022 1624 10,447 5766 5226 4436 77 3

  CEC, mmol/100 g 2023 0–25 30 32 31 31 1 5 2
2022 28 34 31 31 4 14 2
2023 25–100 36 50 45 50 8 18 3
2022 36 50 45 50 8 18 3

  Ntot, % 2023 0–25 0.09 0.12 0.10 0.10 0.02 22 2
2022 0.07 0.08 0.08 0.08 0.01 10 2
2023 25–100 0.07 0.17 0.12 0.14 0.05 41 3
2022  < 0.01 0.05 0.02 0.01 0.03 133 3

  pH 2023 0–25 8.2 10.2 8.9 8.7 0.8 8 6
2022 8.7 9.6 9.0 8.8 0.5 5 6
2023 25–100 7.7 9.1 8.4 8.3 0.5 6 10
2022 6.2 9.6 8.7 9.1 1.0 12 10

Second stage falling site (sampling depth 0–25 cm), *sampling distance from the fragments in m
  TPH, mg/kg 2023 0–3  < 5 9.4 4.8 2.5 3.2 68 5

2023 4–5  < 5 – – 3
2022 0–3  < 5 35.0 9.0 2.5 14.5 161 5
2022 4–5  < 5 155.0 64.2 35.0 80.3 125 3
2022 7–50  < 5 5.8  < 5  < 5 1.2 40 8
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Table 2   (continued) Soil property Year Sampling* min max M Me SD Cv, % n

  pH 2023 0–3 6.8 8.8 7.5 7.1 0.8 11 5

2023 4–5 6.2 7.4 7.1 7.1 0.4 6 7

2022 0–3 6.4 6.9 6.6 6.5 0.2 3 5

2022 4–5 6.4 8.1 7.4 8.0 0.8 11 7

2022 7–50 6.5 6.9 6.7 6.7 0.1 2 8
Second stage falling site (sampling depth 25–50 cm), *sampling distance from the fragments in m

  TPH, mg/kg 2023 0–3  < 5 11.7  < 5  < 5 4.1 95 5
2023 4–5  < 5 – – 5
2022 0–3  < 5 – – 5
2022 4–5  < 5 28.0 11.1  < 5 12.1 109 5
2022 7–50  < 5 5.8  < 5  < 5 1.2 40 8

  pH 2023 0–3 6.6 7.8 6.9 6.7 0.5 7 5
2023 4–5 6.4 8.8 7.9 8.0 0.8 10 9
2022 0–3 6.3 7.4 6.6 6.5 0.5 7 5
2022 4–5 6.5 9.2 7.6 6.9 1.2 16 9
2022 7–50 6.5 7.7 6.9 6.8 0.4 6 8

The falling site of spherical fuel tanks (sampling depth 0–25 cm), *sampling distance from the fragments 
in m
  Water-soluble NO2

−, mg/kg 2023 0–0,5  < 1 – – 5
2023 10–25  < 1 1.6  < 1  < 1 – 73 3
2022 0–0.5  < 1 – 8
2022 4–5  < 1 2.0  < 1  < 1 – 71 8
2022 10–25  < 1 3.2  < 1  < 1 – 96 19

  Water-soluble NO3
−, mg/kg 2023 0–0.5  < 1 13.0 6.1 7.6 5.5 90 5

2023 10–25  < 1 47.0 16.9 3.2 26.1 154 3
2022 0–0.5  < 1 77.0 11.0 2.0 26.7 244 8
2022 4–5  < 1 26.0 8.0 1.7 11.3 142 8
2022 10–25  < 1 19.0 3.2 1.1 4.8 147 19

  pH 2023 0–0.5 8.4 9.9 8.9 8.7 0.5 6 11
2023 10–25 9.0 9.4 9.2 9.3 0.2 2 3
2022 0–0.5 7.5 9.5 8.7 8.6 0.7 8 14
2022 4–5 8.3 9.1 8.6 8.5 0.3 3 8
2022 10–25 8.0 9.8 8.7 8.7 0.5 6 19

The falling site of spherical fuel tanks (sampling depth 25–50 cm), *sampling distance from the frag-
ments in m
  Water-soluble NO2

–, mg/kg 2023 0–0,5  < 1 2.3 0.9  < 1 0.8 94 5
2023 10–25  < 1 34 18 18 17 96 3
2022 0–0,5  < 1 – – 8
2022 4–5  < 1 – – 8
2022 10–25  < 1 3.2 0.7 0.5 0.6 93 19

  Water-soluble NO3
–, mg/kg 2023 0–0.5 1.1 32.0 8.1 1.5 13.4 166 5

2023 10–25  < 1 10.0 4.9 4.3 4.8 97 3
2022 0–0,5  < 1 11.0 3.9 2.1 4.4 114 8
2022 4–5  < 1 7.3 2.6 1.3 2.9 112 8
2022 10–25  < 1 18.0 2.7 1.2 4.1 152 19

  pH 2023 0–0.5 8.1 8.9 8.6 8.6 0.3 3 7
2023 10–25 8.5 8.9 8.7 8.8 0.2 2 3
2022 0–0.5 7.6 9.3 8.4 8.4 0.6 7 10
2022 4–5 7.1 8.7 8.2 8.4 0.5 6 8
2022 10–25 7.0 8.5 8.1 8.2 0.4 5 19
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topsoil accumulate at the soil uppermost layer in the evapo-
rate type of the geochemical barrier according to Perel’man 
(1967). By the end of spring, these chemicals are washed 
away (again to subsoil) by meltwater. The decrease in the 
concentration of easily soluble anions is compensated by an 
increase in the concentration of HCO3

−, formed during the 
dissolution of soil carbonates and air CO2.

The increased content of water-soluble NO3
− (p = 0.147) 

and NO2
− (p = 0.003) in the soil in spring is due to the active 

mineralization of plant residues that arrived on the soil sur-
face in summer and autumn, since in September, the activ-
ity of the soil microbiota is still low and fresh mortmass is 
weakly transformed. This is confirmed by the increase in the 
spring concentration of total N (p = 0.0007), which accumu-
lates in the soil due to the decomposition of mortmass. Dur-
ing the growing season, N compounds are actively absorbed 
by plants from the soil. By September relative to May in the 
soil, the concentration of these substances decreases.

Second stage falling site

In the 0–25 cm topsoil layer at the second stage falling site, 
the pH value varied from 6.1 to 8.2 (Figs. 1 and 2) with 
minimum values in 2022. Such pH values are typical for 
Aridisols in Central and Eastern Asia (Kadono et al. 2008; 
Pankova and Gerasimova 2012; Salbu et al. 2013).

At the second stage falling site, the maximum content 
of TPHs reached 1645, 25, and 147 mg/kg in 2018, 2022, 
and 2023, respectively (Fig. 3). It is at least 4.9 times lower 
than the maximal permissible concentration proposed for 
light petroleum hydrocarbons, e.g., gasoline, kerosene, jet 

fuel, and diesel in Aridisols (Pikovskii et al. 2003). Such 
concentration of TPHs corresponds to an initial load of pol-
lutants as high as 5000 mg/kg according to the experiments 
conducted with Aridisols (Koroleva et al. 2024). In Aridi-
sols, it decreased to safety level for soil microbiome and 
vegetation during a year. In addition, the proportion of sam-
ples containing TPHs > 5 mg/kg (lower limit of detection) 
decreased from 71 to 12 and 6%. That is, there is a natural 
self-purification of the soils from jet-fuel contamination.

According to the results of the paired Wilcoxon test, the 
content of TPHs in studied soils was higher in autumn than 
in spring (p = 0.028; n = 24). In autumn, 2 times more sam-
ples with the considerable concentration of TPHs (> 5 mg/
kg) were found than in spring. Moreover, maximal detected 
values were higher in autumn than in spring and reached 155 
and 12 mg/kg, respectively. This may be due to the migration 
of highly volatile hydrocarbons from the deep subsoil lay-
ers to the topsoil during June–October and their migration 
deep into the subsoil with meltwater. A similar situation was 
observed in the field experiments with jet-fuel spills in the 
Baikonur cosmodrome (Semenkov et al. 2023). It could be 
assumed that autumn is the most optimal time for monitor-
ing the content of TPHs in soils because of identification of 
increased values of TPHs is more likely.

Falling site of the spherical fuel tanks

In the 0–25 cm topsoil layer at the emergency falling site 
of the spherical fuel tanks, the pH value varied from 6.3 to 
9.6 (Figs. 4 and 5) with minimum values in 2022. Observed 

Table 2   (continued) Soil property Year Sampling* min max M Me SD Cv, % n

The falling site of spherical fuel tanks (sampling depth 50–100 cm), *sampling distance from the frag-
ments in m
  Water-soluble NO2

–, mg/kg 2023 0–0.5  < 1 3.0 1.0 0.5 1.1 112 5
2023 10–25 17 37 29 34 11 37 3
2022 0–0.5  < 1 – – 8
2022 4–5  < 1 1.6 0.6  < 1 0.4 61 8
2022 10–25  < 1 0.5 0.5  < 1 0.0 0 19

  Water-soluble NO3
–, mg/kg 2023 0–0.5  < 1 41 9  < 1 18 202 5

2023 10–25  < 1 16 6  < 1 9 158 3
2022 0–0.5  < 1 16.0 4.5 1.2 6.5 145 8
2022 4–5  < 1 12.0 3.7 1.1 5.2 141 8
2022 10–25  < 1 12.0 2.6  < 1 3.5 134 19

  pH 2023 0–0.5 7.9 8.4 8.1 8.2 0.2 3 7
2023 10–25 8.5 8.8 8.6 8.6 0.2 2 3
2022 0–0.5 6.8 9.1 7.8 7.6 0.8 10 10
2022 4–5 6.7 7.9 7.5 7.6 0.4 5 8
2022 10–25 6.7 8.0 7.3 7.3 0.4 6 19

min minimum, max maximum, M mean, Me median, SD standard deviation, Cv coefficient of variation, n 
number of samples
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spatial differentiation of the pH value and the concentration 
of NO3

− and NO2
− (Figs. 6 and 7) is typical for Aridisols of 

Kazakhstan (Koroleva et al. 2021).

The maximum UDMH content detected at the falling 
site of the spherical fuel tanks reached 1.4 and 21.7 mg/
kg in 2018 and 2019, respectively (Fig. 8), which is many 
times higher than the maximal permissible concentration 

Fig. 1   Dynamics of pH value and TPH content in the topsoil 0–25 cm 
layer at the second stage falling site according to data by the Infracos 
laboratory. Box, first and third quartiles. Whiskers, non-outlier range. 

Circles, outliers. The horizontal line, mean. Asterisks, extremes. 
Below the graphs are the results of the Kruskal–Wallis H-test

Fig. 2   Spatial differentiation of pH in 0–25 cm (sampling depth 1) and 25–50 cm (sampling depth 2) of soils sampled at the second stage falling 
site according to data by the laboratories of the Yuzhny Space Center (Laboratory 1) and Infracos (Laboratory 2)
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Fig. 3   Spatial differentiation of the content of TPHs in sampling depth 1 (0–25 cm) and 2 (25–50 cm) of soils sampled at the second stage fall-
ing site according to data by the laboratories of Yuzhny space center (Laboratory 1) and Infracos (Laboratory 2) in 2018–2023

Fig. 4   Dynamics of properties in the 0–25  cm topsoil layer at the 
falling site of the spherical fuel tanks according to the data by the 
Infracos laboratory. Box, first and third quartiles. Whiskers, non-

outlier range. Circles, outliers. The horizontal line, mean. Asterisks, 
extremes. Below the graphs are the results of the Kruskal–Wallis 
H-test
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for soils in Kazakhstan (Koroleva et al. 2023). High con-
centrations were also characteristic of NDMA as one of 
the main derivatives of UDMH (Kosyakov et al. 2019; 
Ul’yanovskii et al. 2020; Koroleva et al. 2023): 9.0 and 
1.2  mg/kg in 2018 and 2019, respectively. After the 

removal of the polluted soils, the values for both chemi-
cals returned to normal.

In 2022 and 2023, the content of NDMA and UDMH 
was below the detection limit of the highly selective analy-
sis method used—0.05 mg/kg—in all analyzed soil samples 

Fig. 5   Dynamics of the pH value in the 0–25 (sampling depth 1), 25–50 (sampling depth 2), and 50–100 (sampling depth 3) cm soil layers at the 
falling site of the spherical fuel tanks according to the data by the laboratories of Yuzhny Space Center (1) and Infracos (2) in 2018–2023

Fig. 6   Dynamics of NO3
– concentration in the 0–25 (sampling depth 

1), 25–50 (sampling depth 2), and 50–100 (sampling depth 3) cm soil 
layers at the falling site of the spherical fuel tanks according to the 

data by the laboratories of Yuzhny Space Center (1) and Infracos (2) 
in 2018–2023
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(n = 144), which reflects the high efficiency of the imple-
mented remediation in the emergency falling site.

Success in analytical diagnostics of organic substances, 
in particular UDMH derivatives (Sholokhova et al. 2022; 
Hu et al. 2022; Karnaeva et al. 2022; Milyushkin and Kar-
naeva 2023), suggests the existence of about 300 UDMH 
derivatives (Kosyakov et al. 2019; Wang et al. 2021), of 
which only 13 compounds have been reliably identified so 
far (Smolenkov et al. 2005; Rodin et al. 2008, 2012). The 
impact of these derivatives on human health, living organ-
isms, and ecosystems has not yet been reliably assessed 
(Slonim 1977; Smolenkov et  al. 2013). Some authors 
claim higher toxicity of derivatives in comparison with the 

initial substance (Slonim 1977; Ivanova et al. 2023). Oth-
ers inform that UDMH is more toxic than its derivatives 
(Rogers and Back 1981; Smolenkov et al. 2005, 2013; 
Rodin et al. 2008, 2012).

This limits the possibility of justifying maximum permis-
sible concentrations of UDMH transformation products in 
the environment. At present, in Russia and the Republic of 
Kazakhstan, among all UDMH derivatives, the maximum 
permissible concentration in soil is justified only for NDMA. 
Therefore, only concentrations of UDMH and NDMA can 
be used as criteria for the degree of soil pollution at launch 
vehicle emergency falling sites in the context of damage 
assessment. Toxicity and carcinogenicity of NDMA are 

Fig. 7   Dynamics of NO2
− concentration in the 0–25 (sampling depth 

1), 25–50 (sampling depth 2), and 50–100 (sampling depth 3) cm soil 
layers at the falling site of the spherical fuel tanks according to the 

data by the laboratories of Yuzhny Space Center (1) and Infracos (2) 
in 2022–2023
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undoubtful (Carter 1974; Nguyen et al. 2021). However, its 
detection in drugs, drinking water, food, and cosmetics—
which were not in contact with UDMH—indicates that this 
substance is not a reliable indicator of UDMH pollution 
(Koroleva et al. 2023).

Whole data set

Among the data set for samples collected at the same 
points, attention is drawn to the lack of significant correla-
tion between the values obtained in autumn and spring for 
the vast majority of studied soil properties (Table S3). The 
exception is the pH value and the content of water-soluble 
NO2

−, for which a direct relationship was obtained between 
the levels found in different seasons of the year at the same 
points. The content of water-soluble Cl− was minimal in 

spring at points where maximum concentrations were 
observed in autumn. Perhaps this is due to the predominant 
downward movement of Cl− in microdepressions, where 
salts are precipitated in the evaporate type of the geochemi-
cal barrier during summer. Observed differentiation indi-
rectly confirms the fact that in different seasons of the year, 
soils can be classified as Solonchaks during summer and 
autumn due to high salinity in the topsoil or as Solonetz or 
Gypsisols in spring due to low salinity in the topsoil.

Despite the smaller data subset for samples collected in 
the fall of 2022 (Table S 4) and in the spring of 2023 (Table 
S 5), a more definite correlation was obtained, which is asso-
ciated with an increase in the degree of homogeneity of the 
sample and the elimination of the contribution of seasonal 
variability in the values of soil properties. Thus, the con-
tent of exchangeable Ca2+ determines the absolute majority 

Fig. 8   Dynamics of NDMA and UDMH concentrations in the 0–25 (sampling depth 1) and 25–50 (sampling depth 2) cm soil layers at the fall-
ing site of the spherical fuel tanks according to the data by the Infracos laboratory in 2018–2023
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(> 80%) of the variance in the CEC. Moreover, this very 
close connection remains in both spring and autumn. The pH 
value is determined primarily by the basicity of CO3

2−. A 
stable close relationship was also revealed between the con-
tent of easily soluble anions (SO4

2− and Cl−), in the absence 
of significant relationship with the content of HCO3

− and 
CO3

2−. Significant correlations were not found between 
cations and anions, which reflects more active downward 
movement of negatively charged ions relative to positively 
charged ions which are absorbed by soil colloids. This may 
indicate the possibility of solonetzization of the soils under 
consideration.

Comparison of soil properties in background 
and disturbed areas

At the second stage falling site, the soils significantly dif-
fer from the selected background soils (outside the zone of 
influence of accident-related factors) in pH value (Table S 
6). It is due to the local peculiarities of the two compared 
territories and is not the fact of contamination, since the 
properties of soils at different distances from the fragments 
differ very little, even if we take a distance of 7–50 m, where 
no chemical contamination was recorded. There are only 
3 exceptions, but they are not reproduced in another sam-
pling season or insignificance after the Holm-Bonferroni 
correction.

For other key sites, it also turned out that they differ sig-
nificantly from the background areas (outside the impact 
zone) in pH value (Table S 7). Key sites do not differ in the 
content of TPHs. In terms of the content of exchangeable 
Ca2+ and CEC, a reproducible picture is observed accord-
ing to the data obtained from the cross-sections. At the sec-
ond stage falling site, the content of exchangeable Ca2+ is 
lower relative to the background territories (median varies 
between 6–7 and 12–13 mmol/100 g in spring and autumn, 
respectively) and CEC (median 20 and 36 mmol/100 g var-
ies slightly depending on the sampling season). In terms 
of the content of water-soluble Cl−, the cross-sections at 
the second stage falling site and at the spherical fuel tanks 
differ significantly: in the autumn of 2022, there are more 
chlorides at the spherical fuel tanks falling site (14.2 g/kg 
versus 0.83 g/kg). In May of 2023, the opposite situation 
was observed (0.5 and 102 mg/kg), which was due to more 
active migration of salts in more moist mesodepressions. 
Salt leaching from the topsoil horizons due to the influence 
of rainwater or melted snow water was previously reported 
for diverse Aridisols (Li et al. 2024). There are no clear dif-
ferences in other soil properties.

The pH values; the content of water-soluble SO4
2−, Cl−, 

and NO3
−; and exchangeable Ca2+ and Mg2+, TOC, Ntot, 

CEC, and basicity of carbonates and soda were within the 

levels characteristic of background soils in Kazakhstan 
(Koroleva et al. 2021).

Conclusion

The emergency falling of the Soyuz launch vehicle on 
11.10.2018 resulted in the formation of several falling 
sites:

–	 Four regular falling sites of the first stage in the initially 
specified territory.

–	 Fairing falling site in the unspecified falling region. 
Here, soils were not contaminated with rocket propel-
lants.

–	 The second stage falling site in the unspecified falling 
region. Here, jet fuel spilled at 400 m2. The maximal con-
centration of jet fuel reached 1645 mg/kg and decreased 
to the background level during 3.5 years.

–	 The third stage is destroyed after detonation in the atmos-
phere scattered at the territory of 4.4 km2 outside any 
falling region. Falling sites were not formed due to the 
small size of fragments.

–	 The falling site of the spherical fuel tanks outside any 
falling region. Here, the spillage of highly toxic carcino-
genic UDMH was found at the territory of 9 m2. The con-
centration of highly toxic UDMH and NDMA reached 
21.7 and 9.0 mg/kg, respectively. Moreover, vegetation 
burnt out at 950 m2.

It should be highlighted that the falling site of the System 
for Emergency Rescue (i.e., abort mode) was not formed 
because it had pulled the landing module holding the cos-
monauts free of the rocket and landed softly.

The presented materials can be used to optimize the res-
toration of disturbed arid ecosystems and future monitoring 
work at sites of regular landing of the first stages and emer-
gency crash sites of launch vehicles. Obtained results can 
be used in the life cycle assessment of space transportation.
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