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INTRODUCTION

The Soviet launching area in Kazakhstan, the 
Baikonur launching area, occupies a special place 
in the history of rocket production and space in-
dustry. The first intercontinental ballistic missile 
P-7 successfully launched in August 1957 and 
reached the Kamchatka Peninsula which at a dis-
tance of six thousand kilometers. Six weeks later, 
the modified P-7 placed the first artificial satel-
lite of the Earth-satellite into. In 1961, the first 
cosmonaut Yuri Gagarin began his space journey 
from the same launch pad (Gruntman, 2019).

In 2007, there was detected an emergency 
shutdown of the 2nd stage engine of Proton-M LV 

at the launch of spacecraft (SC) JC Sat-11. A clus-
ter consisting of the second and third stages, the 
upper stage and the spacecraft fell in the Ulytau 
district of the Karaganda region of the Republic 
of Kazakhstan. In the event of accidental falls of 
the Proton LV, a large-scale of the environmental 
impact is observed at the initial stage of a flight. 
The nature of the impact is determined by the 
structural failure mode. The maximum mechani-
cal and pyrogenic damage of the ecosystems oc-
curs when the LV falls with an explosion on the 
ground. The destruction of a falling structure on 
the ground, not accompanied by an explosion and 
fire, leads to long-term chemical pollution of the 
ecosystems (Koroleva et al., 2015).
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The difficulty in determining the environ-
mental damage during the fall of a life rocket 
lies in the impossibility of preliminary collection 
of the characteristics of the affected area and the 
variety of possible consequences of the fall of 
an emergency product. From this, it follows that 
in determining the amount of the environmental 
damage it is necessary to consider many differ-
ent options for landscape disturbance (Ruzme-
tova and Plaksitsky, 2017).

The environmental monitoring system, the 
system for developing design and construction 
solutions for a worked-out stage, and single feed-
back system “OS + launching area environmental 
monitoring system + system for design and con-
struction solutions” are applied at the launching 
area Vostochny to form optimal ways of changing 
the design and construction parameters of the OS 
for management of its fire and explosion hazard 
in various areas of the environment. The article 
considers the problem of the technogenic impact 
of launching vehicles (LV) with the main liquid 
engines on various parts of the environment. It 
has been shown that the fire hazardous effect of 
the fuel residues in the spent stage tanks increases 
the level of ecosystem disturbance for the ecosys-
tem of the affected area. There were made sugges-
tions for selecting technologies, schematic and 
design solutions of the operating system based 
on the system analysis, aimed at increasing fire 
and explosion safety during the development of 
LV stages using basic liquid propulsion systems 
(Trushlyakov et al., 2016).

The release of highly toxic rocket fuel 1,1-di-
methylhydrazine (UDMH) and its products into 
the environment represents a serious negative 
impact on the ecosystem, as well as on human 
health. This study demonstrates the first data on 
the spatial distribution and quantitative determi-
nation of UDMH and its main conversion prod-
ucts (methylhydrazine, hydrazine, 1,1,4,4-tet-
ramethyltetrazene, formaldehyde, acetaldehyde 
and furaldehyde N, N-dimethylhydrazine, 1-for-
myl-2,2 –dimethylhydrazine, N, N-dimethylfor-
mamide, N-nitrosodimethylamine, and 1-meth-
yl-1H-1,2,4-triazole) in the peat-bog soil of the 
fall site in the subarctic region. Using the previ-
ously developed methodology, one hundred soil 
samples from peat bogs and a surface water sam-
ple were analyzed. The data set covers the results 
of a study of 96 samples of peat bog soil from 
the fall place of the first stage of the Cyclone-3 
launch vehicle contained unburned toxic rocket 

fuel 1,1-dimethylhydrazine (UDMH) in the Eu-
ropean North of Russia. Soil samples were taken 
during a helicopter expedition to the “Koida” fall 
region of the Plesetsk Cosmodrome operation 
zone in October 2015 at different distances from 
the center of the fall site and different soil hori-
zons (Ul’yanovskii et al., 2020).

According to some scientists, the problems 
of emergency launches of man-carrying rockets 
arise due to many reasons that have huge nega-
tive consequences on the environment (Cohen 
and McCarthy, 2015; Federal Aviation Adminis-
tration, 2016; Barmin et al., 2018; Bolodyanet al., 
2018; Veniaminov et al., 2018; Dek et al., 2020).

MATERIALS AND METHODS

Samples collected in 2007–2014 (842 soil 
samples and 916 plant samples) were used for 
the analysis. The studies were conducted in the 
research center “Garysh-Ekologiya” in Almaty 
and the analytic laboratory “Garysh-Ekologiya” 
in Almaty and Zhezkazgan.

Сhemical analyses

Determination of the mass fraction of uncon-
solidated NDMA in samples of soft plant parts. 
The method is based on the extraction of NDMA 
from plants using a hydrochloric acid solution. 
Then it is distilled from the obtained extract and 
analyzed using reversed-phase chromatography 
with spectrophotometric detection of NDMA at a 
240 nm wave-length. Equipment: liquid chroma-
tography “Stayer-UV/VIS” (Research and Produc-
tion Company “Akvilon” CJSC, Moscow, Russia).

Determination of the mass fraction of mobile 
forms of 1,1-dimethylhydrazine in soil samples. 
The method is based on the extraction of mobile 
forms of UDMH from the soil using 1 mol/l hy-
drochloric acid. Then 1,1-dimethylhydrazine is 
distilled with steam into an acid solution. The 
distillation product is analyzed using ion chroma-
tography with amperometric detection. The peak 
area of 1,1-dimethylhydrazine is proportional to 
its concentration. Equipment: liquid chromatog-
raphy “Tsvet Yauza” with an electrochemical de-
tector complete with a PCIBMAT-type computer 
and corresponding software.

Determination of the mass fraction of uncon-
solidated UDMH in samples of soft plant parts 
using ion chromatography with amperometric 
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detection. Unconsolidated 1,1-dimethylhydra-
zine is isolated from the soft parts of plants using 
1 mol/l hydrochloric acid. After alkalization, from 
the obtained extract, 1,1-dimethylhydrazine is 
distilled into an acid solution with steam. The dis-
tillation product is analyzed using ion chromatog-
raphy with amperometric detection at the oxida-
tion potential of the analyte. Calculations are car-
ried out using the external standard method based 
on the peak area. Equipment: liquid and ion ana-
lytical small-size chromatograph “Tsvet Yauza” 
(MEKV. 414538.001 PS) with an amperometric 
detector complete with PCIBMAT-type computer 
and corresponding software according to Techni-
cal Specifications 4215–005–05771185–2001.

Determination of the mass concentration of 
1.1-dimethylhydrazine in a biological medium

The method is based on the preliminary sep-
aration of milk proteins and fats from an acidic 
medium, alkalization of the filtrate, steam dis-
tillation of 1,1-dimethylhydrazine into an acid 
solution, and subsequent analysis of distillation 
product using ion chromatography with am-
perometric detection. The peak area of UDMH 
is proportional to its concentration. The propor-
tionality factor is set during the calibration of the 
chromatograph. Equipment: liquid and ion ana-
lytical small-size chromatograph “Tsvet Yauza” 
(MEKV. 414538.001 PS) with an electrochemical 
detector complete with a PCIBMAT-type com-
puter and corresponding software.

RESULTS AND DISCUSSION

During the environmental study of the impact 
site in 2007, three areas were identified, which 
were contaminated with propellant components 
and their transformation products. The highest 
soil contamination was detected in the impact site 
of the upper part of the space tug and the transfer 
module of the spacecraft.

In this area, an excess of permissible level of 
UDMH contamination in the soil by a factor of 
1.4 to 5,200 was detected (threshold limit value 
(TLV) is 0.1 mg/kg). UDMH is a dangerous 
chemical substance with a carcinogenic effect 
(Pohanish, 2017). NDMA was identified in all 
soil samples from this region at levels ranging 
from 0.6 to 105.0 mg/kg. Tetramethyltetrazene 
was not found in soil samples. An excess of 

permissible level of nitrate ions contamination 
by 2.0 to 19.95 times was detected. The high-
est content of nitrate-ion (TLV is 130 mg/kg) 
was found in a soil sample taken at the center 
of the rocket fragment impact site and in a soil, 
sample taken at a distance of 3 m south from 
that zone. The area of soil contamination was 
3,600 m2 for UDMH, 917 m2 for NDMA, and 
8,314 m2 for nitrate ion.

Vegetation contamination was generally not 
observed; UDMH in concentrations from 0.14 to 
0.21 mg/kg was found only in three samples of 
plants taken in the center of the impact site.

In the period from 10 to 18 of September 
2007, the first detoxification was carried out us-
ing a 5% aqueous solution of potassium perman-
ganate, which was accompanied by a decrease in 
the concentration of UDMH in the soil by a factor 
of 1.57 and NDMA by a factor of 4.62.

After the second detoxification (September 
24, 2007), the concentration of UDMH in the soil 
decreased by a factor of 5.68 compared with the 
level after the first treatment and the concentra-
tion of UDMH decreased a factor of 19.9. One 
month after the third detoxification (November 
1, 2007), the maximum concentration of UDMH 
reached 13.0 mg/kg (130 TLV) and the concentra-
tion of NDMA was 4.03 mg/kg (403 TLV). After 
the fourth detoxification, which was carried out 
at the end of the year, UDMH in the surface soil 
layer (0–20 cm) was not detected in most samples 
but was present at a depth of 40–80 cm at the lev-
els up to 3 TLV (Fig. 1, 2).

Four years later, the studies revealed traces 
of seven UDMH derivatives in the soil: NDMA, 
dimethylamine (DMA), methyltriazole (MT), 
dimethyltriazole (DMT), dimethylformamide 
(DMF), dimethylamino-acetonitrile (DMAACN), 
formaldehyde, and nitrate ions.

Against the background of a general decrease 
in the level of soil contamination, signs of preser-
vation of the general destruction of soil microflo-
ra were observed. Soil samples were recognized 
as phytotoxic.

Chemical analysis established the contamina-
tion of Anabasis salsa and Artemisia absinthium 
with UDMH and NDMA. The general state of the 
vegetation cover is shown in Figure 3. This veg-
etation predominates in the region.

The vegetation in the region of the rocket 
crash is represented by sparse pigweeds and 
wormwood associations. A typical plant on the 
highly saline soils (50–100 mg/% of salts) is 
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Anabasis salsa, a dwarf shrub from the Cheno-
podiaceae family 10–40 cm in height (Fig. 4). 
It vegetates in March, blooms in July, and bears 
fruit in September. It has a wide range of tol-
eration of soil salinity and soil texture. It grows 
on gray-brown, brown alkaline, takyr-like, and 
gypseous gray soils with different types of me-
chanical composition, preferably halomorphic 
soils with an alkaline reaction. It forms mono-
dominant communities over large areas in such 
conditions.

The root system is located in the uppermost 
10-cm layer, where about 85% of the total weight 
of the roots is located and only individual roots 
grow deeper. The taproot grows no deeper than 
10 cm and stops growing at this level, its lateral 
roots grow horizontally at a depth of 50 cm. This 

is an important forage plant for live-stock ani-
mals, especially camels. Anabasis salsa is used 
during winter for feeding live-stock animals.

The root system of Artemisia absinthium is 
more aggressive and is characterized by a power-
ful taproot that goes deep into the soil. Artemisia 
absinthium does not accumulate salt (Sharifivash 
and Shokrpour, 2017).

Of particular interest is the change of the area 
of vegetation contamination with UDMH and 
NDMA (Fig. 5). The total area of soil contamina-
tion in 2007 was 3,600 m2 and the area of con-
tamination with UDMH and its transformation 
product NDMA increased by a factor of 700 after 
detoxification.

Moreover, in 2009, there was a sharp in-
crease in the area of vegetation contamination 

Figure 2. Dynamics of UDMH and NDMA soil contamination in the impact site of the upper part of 
the space tug and the transfer module of the spacecraft in 2007–2014: bottom – 40–80 cm soil layer

Figure 1. Type your title here. Obtain permission and include the acknowledgement required 
by the copyright holder if a figure is being reproduced from another source
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with UDMH with a smaller increase of NDMA 
contamination. However, in 2010, the situation 
shifted in the opposite direction – there was a pre-
dominance of nitrous contamination. At the same 
time, soil samples taken together with plants 
showed the absence of such contamination. The 
highest values of vegetation contamination by 
UDMH and NDMA were 1.5 and 13.05 mg/kg, 
respectively. There were no TLV of these com-
pounds in plants. An environmental study in the 
following years showed a sharp decrease in the 
vegetation contamination area.

In 2013, contamination with UDMH was de-
tected in 5 plant samples at the levels from 0.16 
to 0.919 mg/kg. NDMA was detected in 12 plant 
samples at concentrations of 0.127–4.839 mg/kg. 
In 2014, plant contamination with UDMH was 
observed within a radius of 5–10 m from the cen-
ter of the rocket crash and contamination with 

NDMA was observed within a radius of 10–30 m 
(Table 1 and Fig. 6).

The data in Table 1 describes the dynamics of 
the appearance of toxicants in plants: they were 
absent for two years (2010–2012) but reappeared 
in 2013 and 2014. The increase in the content of 
UDMH in 2014 compared to 2013 was 263% and 
for NDMA, it was 315.9%. Therefore, an acci-
dental crash of a carrier rocket, accompanied by 
an air-ground explosion, led to the disruption of 
the soil and vegetation cover, ignition of vegeta-
tion, contamination of the soil in the area where 
the rocket parts fell, an increase in the area of 
contamination of the vegetation cover, and the 
reappearance of heptyl and nitrous compounds in 
plants and soil, even after multiple detoxifications 
using potassium permanganate.

The available literature data do not explain 
the sharp increase of the area of vegetation con-
tamination with toxic compounds in the areas of 
emergency heptyl spill 2–3 years after the soil 
was subjected to almost complete detoxification.

Figure 3. The state of the vegetation cover 
in the impact site of the upper part of Briz-M 

space tug and the transfer module

Figure 4. Habit view of Anabasis salsa

Figure 5. Dynamics of vegetation contamination with UDMH and NDMA in the impact 
site of the upper part of the space tug and the transfer module in 2009–2014
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In studies of the rocket crash sites with peat 
soil in the subarctic signifi cant quantities of 
UDMH and most products of its transformation 
were found at a distance less than 10 m from the 
center of the falling area. The maximum con-
centration of UDMH was found near the center, 
where the maximum permissible concentration 
(MPC) was exceeded by 2,400 times the MPC 
after 14 years from the moment the rocket fell 
(Ul’yanovskii et al., 2020).

It can be assumed that the increase of the area 
of vegetation contamination with UDMH and the 
product of its degradation NDMA occurred due 
to the water load of the detoxicant, which led to 
horizontal and vertical migration of the aqueous 
solution with UDMH and NDMA in the soil. 
Also, a well-developed root system of plants 
could contribute to the accumulation of toxicants. 
The vegetation represented by Anabasis salsa ac-
tively absorbed aqueous salt solutions and toxic 
compounds in small concentrations from the 

surface soil layer (clay loams inhibit the entry 
of water into the soil) and actively propagated 
and occupied new territories of the river basin of 
the Kumola River. The surface migration rate of 
UDMH was low, which was due to the plain ter-
rain with a slight slope towards the river. This is 
evidenced by the growth of plants contaminated 
with UDMH and NDMA 10 and 30 m away from 
the centers of the rocket fragments impact sites, 
respectively.

The long-term reappearance of pollutants 
can be associated with the pelitic texture of soils 
that retain residual quantities of detoxicant. It can 
also be assumed that reappearance of UDMH and 
NDMA in soil and plants even seven years after 
the accident was due to the processes of transfor-
mation of nitrogen-containing compounds.

The chemistry of the processes of the tran-
sition of nitrates and nitrites to N-nitroso com-
pounds in the presence of amines is well-known. 
In the environment (in surface waters and soil), 
nitrate and nitrite ions can form from ammoni-
um ions (NH4) as a result of biological oxidation 
(nitrifi cation).

It has been suggested that under slightly 
acidic conditions, tertiary amines also react with 
nitrous acid to form nitrosoamines. The reac-
tions between nitrites and various methylamines 
were studied and, in all cases, the formation of 
NDMA was established (Zarei et al., 2016; Ko-
syakov et al., 2019; Milyushkin et al., 2019; Liao 

Table 1. Maximum concentrations of UDMH and 
NDMA in plants in 2009–2014

Year UDMH (mg/kg) NDMA (mg/kg)
2009 1.9 0.44
2010 n/d 6.9
2011 n/d n/d
2012 n/d n/d
2013 0.19 4.13
2014 0.5 13.05

a) b)

Figure 6. Area and level of vegetation contamination with UDMH (a) and NDMA (b) in 
the impact site of the upper part of the space tug and the transfer module in 2014
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et al., 2019; Huang et al., 2019). Chloride and 
bromide ions can be catalysts for the formation 
of N-nitroso compounds from secondary amines 
and nitrites. Rollеr and Keefir discovered that a 
noticeable increase in the rate of formation of 
NDMA from dimethylaniline and nitrite occurs in 
the presence of certain carbonyl compounds and 
at a pH above 3.0. The most effective catalyst is 
formaldehyde. It acts even at pH = 9.0.

After the reappearance of UDMH in plants in 
2013–2014, we conducted research expeditions 
to examine farms adjacent to the accident site and 
to study the quality of milk from cows at these 
farms as the most likely toxicological contamina-
tion object.

Environmental safety issues are among the 
main subjects of discussion in space and rocket 
industry. First of all, this concerns the use of haz-
ardous chemicals of the first and second hazard 
categories in the preparation and launch of rock-
et and spacecraft. The greatest environmental 
risks arising from the use of UDMH, a substance 
of the first hazard category, which is used as a 
component of rocket fuel in Proton-class carrier 
rockets. However, despite the low probability of 
accidents involving UDMH spills, the environ-
mental damage from such accidents can be sub-
stantial. In our previous research the results of 
amino-acid composition of protein in cow’s milk 
which were selected from farms adjoining to the 
territory of a falling of the RC “Proton-M” of the 
Ulytau area, Karaganda region of the Republic 
of Kazakhstan. According to the research, it was 
established that reliable differences were com-
pared with the normal values in the content of 
all irreplaceable and replaceable amino acids in 
tests of a milk protein. The sum of amino acids 
of milk protein was 12.2% lower in comparison 
with the normal values. The limiting amino ac-
ids in the studied milk were methionine+ cyste-
ine and phenylalanine + tyrosine (Maikanov and 
Auteleyeva, 2018).

The author of this article, based on twenty 
months of the field research and key interviews 
with the environmental consultants and resi-
dents, speaks about the anxiety of the socio-
environmental situation of the Ulytau district 
of the Karaganda region, which is also corre-
lated with our data. He notes that Baikonur is 
the oldest, largest, and now the busiest space 
complex in the world, operating continuously 
since the beginning of the Soviet program since 
1957. Almost 300 of the 428 Russian launches 

between January 2001 and October 2017 left 
Baikonur. Ecological damage from toxic pre-
cipitation over the past fifty years (out of thirty 
known fall zones) reaches 3,000 square kilo-
meters and covers part of the Karaganda, Pav-
lodar, Akmola, and East Kazakhstan regions 
(Baikonur Agreement, 2005). Due to over 
2,000 total launches and estimates, more than 
27,000 square miles of land was described by 
international observers as “areas of environ-
mental crisis or “zones of environmental disas-
ter” (UNDP, 2004, 51) (Kopack, 2019).

The first systemic shortcomings in security 
management, caused by the cultural and political 
values occurred on 24 October 1960 at the Bai-
konur launching area in the USSR. An electrical 
problem led to the deadliest accident in the his-
tory of the space industry. Shortly before the test 
launch of the first Soviet intercontinental P-16 
rocket, the second-stage engines ignited prema-
turely, blowing up the first-stage fuel tanks (Gin-
gerich et al., 2015).

Currently, there is being conducted an analy-
sis “Study of the danger of the system launching” 
for new launch vehicles of various manufacturers 
and original industrial organizations. This analy-
sis includes a description of all hazards associated 
with the operation in normal and accidental situ-
ations. For example, since 2010, each new design 
of a European launch vehicle has required a haz-
ard analysis (Delorme and Biard, 2016; Pelton, 
2016; Trushlyakov and Shatrov, 2017).

CONCLUSIONS

The crash of the Proton-M carrier rocket 
caused disturbance of the soil and vegetation 
cover, ignition of vegetation, and soil contamina-
tion with UDMH in the area where rocket parts 
crashed with its content 1.4 to 5,200 times higher 
than TLV (0.1 mg/kg).

The consequences of the carrier rocket crash 
increased the area of UDMH soil and vegetation 
contamination up to 3,600 m2, NDMA contami-
nation to 917 m2, and nitrate ions contamination 
to 8,314 m2;

After repeated soil detoxification using potas-
sium permanganate, the reappearance of heptyl 
and nitrous compounds in plants and soil was de-
tected after four years.
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