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Abstract  Changes in the concentrations of 
PM10-bound potentially toxic elements (PTEs) during 
the COVID-19 lockdown period and after the revo-
cation of restrictions were analyzed using the data 
received at the Aerosol Complex of Moscow State 
University in April–July 2020. During the lockdown, 
the input of biomass combustion products enriched in 
PTEs from the Moscow region hindered the decrease 
in pollutant concentrations. After the introduction 
of the self-isolation regime, lower concentrations of 
most PTEs occurred due to the decrease in anthro-
pogenic activity and the rainy meteorological condi-
tions. After the revocation of restrictive measures, 
the PTE concentrations began to increase. Multi-
variate statistical analysis (APCA-MLR) identified 

the main sources of atmospheric pollutants as urban 
dust, non-exhaust traffic emissions, and combustion 
and exhaust traffic emissions. PM10 particles were 
significantly enriched with Sb, Cd, Sn, Bi, S, Pb, Cu, 
Mo, and Zn. The total non-carcinogenic and carci-
nogenic risks, calculated according to the U.S. EPA 
model, decreased by 24% and 23% during the lock-
down; after the removal of restrictions, they increased 
by 61% and 72%, respectively. The study provides 
insight into the PTE concentrations and their main 
sources at different levels of anthropogenic impact.

Keywords  Lockdown · Health risk · Traffic · 
Urban dust · Potentially toxic elements · Source 
identification

Introduction

Atmospheric pollution with particulate matter (PM) is 
among the main problems for the population in large 
cities, leading to higher cardiopulmonary mortality, 
respiratory diseases (asthma, bronchitis, rhinitis, etc.), 
increased hospitalizations (WHO, 2013), and global 
reduction in life expectancy by 2 years (Greenstone & 
Fan, 2018). Potentially toxic elements (PTEs) are the 
primary determinant of biological reactions caused 
by exposure of organisms to particles with a diameter 
of 10 µm or less (PM10). Among them, Cd, Pb, As, 
Hg, Ni, Cr, Cu, Zn, and Sb are particularly danger-
ous (Pourret & Hursthouse, 2019; Van Den Heuvel 
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et al., 2016). PTEs could cause respiratory symptoms, 
decreased lung function, asthma (Ali et  al., 2019), 
DNA oxidation and damage, and provoke cardiovas-
cular and neurodegenerative diseases and various 
types of cancer (Ghanbarian et al., 2019).

The period of restrictive measures introduced in 
many cities worldwide to reduce the incidence of a 
novel coronavirus infection COVID-19 has led to the 
most significant decrease in human endeavor in recent 
decades due to a major setback in business, industrial, 
and transport activities. As a result, lower anthro-
pogenic emissions caused a reduction in concentra-
tions of many gaseous compounds, PM, and other 
pollutants (Hartwell et  al., 2021; He et  al., 2021; 
Huang et  al., 2023; Hudda et  al., 2020; Lara et  al., 
2023; Sokhi et al., 2021). This, in turn, reduces pub-
lic health risks posed by air pollution. For instance, 
reducing PM10 atmospheric concentrations by only 
7.65% allowed the avoidance of an average of 10,000 
additional deaths of the population from polluted 
air in 352 cities in China in 2020 (Qiu et al., 2021). 
Thus, the lockdowns provided a unique opportunity 
to undertake a real-time experiment and monitor 
the relationship between emission sources and aero-
sol chemistry under rapidly changing anthropogenic 
pressure (Jia et al., 2021).

The relationship between air pollution with PTEs 
and the introduction of restrictive measures has been 
studied to a lesser extent, although the relative con-
tribution of chemical elements to the total mass of 
aerosols may increase during the lockdown due to a 
sharp decrease in other components, e.g., water-solu-
ble ions, black carbon and secondary inorganic aero-
sols (Manchanda et al., 2021). For instance, in Elche, 
Spain, due to a 35–80% decrease in the transport load, 
the concentrations of K, Ni, Cu, Mn, Zn, Ca, and Fe 
in PM10 decreased up to 80% (Clemente et al., 2022). 
The same effect was observed in Andalusia during 
the lockdown when concentrations of PM10-bound Sb 
and Sn decreased by 30–40%. The concentrations of 
many other PTEs have declined due to local factors 
unrelated to the pandemic, such as the shift of indus-
tries to new fuels or raw materials (Millán-Martínez 
et  al., 2022). On the other hand, despite a decrease 
in the concentrations of Pb, Zn, Cu, K, Cd, Se, Ba, 
Ca, As, Sr, Al, Mn, and Mg in PM2.5 by 20–53% due 
to the lesser influence of motor transport, construc-
tion, and dust blowing during the partial lockdown 

in Hanoi, Vietnam, an increase in the concentrations 
of Ni, Co, Mo, and Cr by 38–90% was observed as 
a result of the ongoing activity of industrial enter-
prises and unfavorable meteorological conditions for 
the dispersion of pollutants (Nguyen et  al., 2021). 
Moreover, a significant reduction in air pollution 
with PM10 compared to PM2.5 during the lockdown 
resulted from decreasing non-exhaust transport emis-
sions (road dust blowing and wear of car parts) and 
construction/demolition dust (Querol et al., 2021). As 
a result, lower contamination of aerosols with PTEs, 
especially Cr, Ni, Cd, As, Pb, Zn, Co, Cu, V, and Mn, 
during the restrictive measures and even haze epi-
sodes has reduced non-carcinogenic and carcinogenic 
risks for the population (Wang et al., 2021b, d).

As in many cities worldwide, restrictive measures 
were introduced in Moscow to combat the spread of 
COVID-19. During the lockdown, PM10 air pollution 
decreased by 28% compared to the long-term aver-
age, mainly due to a fourfold reduction in road traf-
fic (Ginzburg et  al., 2020). The lower air pollution 
was supported by meteorological conditions such 
as increased temperatures in the cold winter-spring 
period compared to the interannual average for this 
period, as well as low temperatures and heavy precip-
itation in some episodes during the lockdown (Chu-
barova et  al., 2021). At the same time, the impact 
of the lockdown on the precipitation composition 
was ambivalent: purification of the atmosphere from 
aerosols during their long-term washing out by pre-
cipitation and a decrease in anthropogenic emissions 
caused the decrease in the precipitation pollution with 
PTEs by 10–99% while air advection to Moscow from 
the suburbs, where wood, coal, household and agri-
cultural wastes were burned contributed to the growth 
of precipitation pollution with P, Ag, Pb, Cd, Sb, As 
(Vlasov et  al., 2023a). The contribution of biomass 
burning in the residential areas in the suburbs to the 
black carbon concentrations in Moscow aerosols also 
increased during the lockdown (Popovicheva et  al., 
2022).

The enrichment of PM10 with PTEs during the 
May holidays in the lockdown period was studied in 
the center of Moscow (Gubanova et  al., 2021b). An 
increase in concentrations of many PTEs, especially 
P, Pb, Al, S, Ni, Sn, Sb, Bi, Se, and Th, in PM10 was 
observed compared to April. However, the lack of 
data on PTE levels after the lockdown in this study 
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has not made it possible to assess the impact of 
restrictions on air pollution. There are no data on 
PTEs in urban background conditions, making it dif-
ficult to assess the overall level of their content in the 
urban air. Detailed assessments of PM10 emissions 
from various sources have been carried out, the long-
term dynamics of PM10 concentrations in different 
parts of the city have been studied (Elansky et  al., 
2018), and weekly patterns and weekend effects of air 
pollution have been identified in Moscow (Elansky 
et al., 2020). However, the content of PTEs in atmos-
pheric PM10 has only been analyzed for the central 
part of the city in certain seasons (Gubanova et  al., 
2021a, b) and under the influence of local sources 
(Gubanova et  al., 2022). There are practically no 
data on the level of PTEs in the urban background 
conditions, which makes it impossible to understand 
the ratio of various urban and suburban sources that 
affect the levels and variability of PTE concentrations 
in the megacity air.

For this reason, the study aims to analyze changes 
in PM10-bound PTEs concentrations during and after 
the lifting of restrictions in Moscow urban back-
ground. Specific tacks include considering the influ-
ence of anthropogenic sources and precipitation on 
the chemical composition of atmospheric PM10; 
quantitatively assessing the contributions of PTE 
sources during and after the lockdown period; and 
calculating the total non-carcinogenic and carcino-
genic risks for the population during the lockdown 
period and after the lifting of restrictive measures.

Materials and methods

Study area and sampling

Moscow is situated within the European territory of 
Russia, covering an area of 2561 km2 with a popula-
tion of over 12.66 million people. The main source of 
anthropogenic environmental impact is motor trans-
port: in 2019, gaseous emissions from motor vehicles 
amounted to 345,000 tons, accounting for 85% of the 
total emissions into the atmosphere (Kul’bachevskii, 
2020). In 2020, emissions decreased by 5400 tons 
compared to 2019, partly due to the implementa-
tion of restrictive measures (Kul’bachevskii, 2021). 
Roads occupy approximately 8% of the city’s area, 

and by the end of 2019, the total length of roads was 
6625  km (Russian Federal State Statistics Service, 
2020). There are more than 3000 industrial enter-
prises in Moscow, which occupy 17% of the city’s 
area. Thermal power plants (TPPs) primarily use 
natural gas as fuel (99.5% of the total) contributing 
50–65% of industrial gaseous emissions released into 
the atmosphere. Oil refineries account for a signifi-
cant contribution of 20–30%, while other industries 
contribute 15–20% (Bityukova & Saulskaya, 2017). 
An increase in the PM10 concentrations in the atmos-
phere of Moscow is often associated with unfavora-
ble meteorological conditions (Kul’bachevskii, 2021). 
Additional air pollution arises from suburban areas 
where many industrial enterprises and summer cot-
tages are located, and residents burn biomass and 
garbage for recycling and heating purposes (Popovi-
cheva et al., 2022; Vlasov et al., 2023a). In spring and 
summer, barbecues serve as a significant source of 
pollutants, primarily found in city parks and country 
homesteads.

Sampling was conducted at the Aerosol complex 
of MSU (55.707°N, 37.522°E), situated within the 
premises of the Metrological Observatory of Lomon-
osov Moscow State University (MO MSU). MO 
MSU is located far from industrial sources and major 
highways (Fig.  1); it serves as an urban background 
station (Chubarova et al., 2014).

The self-isolation regime to combat the spread of 
COVID-19 in Moscow was implemented on March 
30, 2020. Starting from June 1, car dealerships, non-
food stores, weekend fairs, and some consumer ser-
vice enterprises resumed their operations. Access 
control and self-isolation measures were lifted on 
June 9 (Measures against coronavirus in Moscow, 
2020). Throughout the lockdown period, the aver-
age traffic congestion level in Moscow did not exceed 
20% according to the TomTom index (Fig.  2). Dur-
ing the recovery period, it increased to 40–45% on 
weekends and 36–72% on weekdays (TomTom Traf-
fic Index, 2020). The number of cars on the roads 
during the weekdays decreased by approximately 
40% during the lockdown, and pre-pandemic lev-
els were only reached by mid-June (Kirilina, 2020). 
The Yandex self-isolation index (YSII) measures the 
city activity level compared to a typical day before 
the pandemic (Fig. S1) and confirms a significant 
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Fig. 1   Location of the Aerosol complex of MSU in the southwestern sector of Moscow
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decrease in transport activity during the period of 
restrictions (Yandex, 2021).

PM10 samples were collected at 24-h intervals, 
starting from 5 p.m. on a given day and continu-
ing until 5 p.m. the next day. The sampling process 
involved using 47 mm polyethylene terephthalate fil-
ters and a PM10 impactor, with an airflow rate of 16 L/
min. The total volume of air pumped was considered 
under standard atmospheric conditions. Based on the 
YSII and TomTom indices, dates of restrictions imple-
mentation and removal, as well as considering the tim-
ing of the heating season in Moscow, the PM10 sam-
pling periods were categorized as follows: lockdown 
period 1 (L1) occurred during the heating season with 
restrictive measures (April 24–May 11, 13 samples); 
lockdown period 2 (L2) began after the heating season 
ended (May 12–May 31; 16 samples), recovery period 
1 (R1) aligned with the initial phase of restrictions 
easing (June 1–June 14; 7 samples); recovery period 2 
(R2) encompassed the gradual resumption of activities 
(June 15–July 30; 33 samples). During June and the 
first half of July, samples were collected every other 
day, while daily sampling was conducted during other 
periods. Thus, a total of 69 samples were collected. 
PM10 mass concentrations were measured by the 
Mosecomonitoring institution using the tampered ele-
ment oscillating microbalance TEOM 1400a (Thermo 
Environmental Instruments Inc., USA).

Meteorological conditions

Meteorological conditions during the studied period 
have been previously described in detail (Chubarova 
et al., 2021; Vlasov et al., 2023a). In summary, the air 
temperature in April and May was lower compared to 
the 1954–2013 period by 1.4 °C and 1.7 °C, respec-
tively, due to the prevailing air advection from north-
ern regions (Chubarova et al., 2021), while in June it 
was higher by 1.5 °C (Chubarova et al., 2014).

The year 2020 was unique in terms of precipita-
tion patterns. In April, the precipitation amount was 
2.4 times lower than the annual average (17 mm com-
pared to 41  mm). However, unprecedented precipi-
tation (168 mm and 193 mm) in May and June was 
almost three times higher than a long-term monthly 
mean (55 mm and 76 mm for May and June, respec-
tively). In July, there was 113  mm of precipita-
tion, exceeding the average of 81  mm. As a result, 
the significant amount of precipitation during late 

spring and early summer contributed to the purifica-
tion of the atmosphere from pollutants (Vlasov et al., 
2023a). The amount of daily precipitation is shown 
in Fig. S2. For rainfall lasting more than a day, the 
amount of water was measured at the end of the last 
day. For such cases, the volume of daily precipitation 
was calculated as half (if the rain lasted two days) or 
one-third (if the rain lasted three days) of the total 
amount of water over the entire period. Such situ-
ations occured on May 3–4, 5–6, 12–14 and 24–25, 
June 25–26, and July 3–4.

Chemical analyses and data processing

Concentrations of Al, As, B, Ba, Bi, Ca, Cd, Co, Cr, 
Cs, Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb, Rb, S, 
Sb, Sn, Sr, Th, Ti, U, V, W, Zn, and Zr were deter-
mined by mass spectrometry and atomic emission 
spectrometry with inductively coupled plasma, using 
the “X-7c” mass spectrometer (Thermo Elemental, 
USA) and “iCAP-6500” atomic emission spectrom-
eter (Thermo Scientific, USA), respectively, at the 
Analytical Certification Testing Center of the Insti-
tute of microelectronics technology and high purity 
materials of the Russian Academy of Sciences. Ref-
erence materials “GSO 3784-86”, “GSO 8670-2005”, 
and “GSO 8671-2005” (Vinogradov Institute of Geo-
chemistry SB RAS, Russian Federation) as well as 
“AGV-2” and “BHVO-2” (U.S. Geological Survey, 
USA) were used. A detailed description of the sam-
ple preparation procedure, a list of reagents used, and 
instrument settings are given in (Fedotov et al., 2014). 
The detection limits are shown in Table 1. Uncertain-
ties are in the range of 10–30% depending on the ele-
ment concentration.

Changes in PTEs concentrations (δm, %) during 
the studied periods relative to each other were calcu-
lated as follows:

where Cm and Cm−1 are the median PTE concentra-
tions during the mth period and the previous one, 
respectively. Median values were used for the study 
instead of averages due to the high variability of PTE 
concentrations.

PTE sources in PM10 were assessed using an 
enrichment factor (EFi):

(1)δm = 100% ×
(

Cm − Cm−1

)

∕Cm−1,
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where Ci and CAl are the concentrations of the ith and 
reference (Al) elements in the PM10 sample, respec-
tively, and Кi and КAl are the abundances of the ith 
and reference (Al) elements in the upper continental 
crust, respectively (Rudnick & Gao, 2014). The ref-
erence element should not originate from anthropo-
genic sources, and Al is the most often used. EF < 10 
indicates a natural origin of elements, EF values 
from 10 to 100 indicate mixed natural and anthropo-
genic sources, and EF ≥ 100 is inherent for elements 
of entirely anthropogenic origin (Chon et  al., 2015). 
Total enrichment factor TEF was calculated for an 
integral assessment of the degree of PTEs accumula-
tion (Vlasov et al., 2021b):

where n is the number of summable individual ele-
ments with EF > 1.

Health risks associated with PM10-bound PTEs 
were estimated using U.S. EPA standards (U.S. 
EPA, 2011, 2013, 2014). For particle-bound chemi-
cal compounds, inhalation is a primary and the most 
significant exposure route (Fang et al., 2021), so in 
our study, we considered the health risks associated 
with the inhalation of selected PTEs. Children and 
adults were studied separately because of their dif-
ferent sensitivities to toxicity. Twenty-one elements 
(Al, As, B, Ba, Cd, Co, Cr, Cu, Fe, Mg, Mn, Mo, Ni, 
Pb, Sb, Sn, Ti, U, V, W, and Zn) were considered 
as toxic substances, and six elements (As, Cd, Co, 
Cr, Ni, and Pb) were ranked as carcinogens or pos-
sible carcinogens in terms of U.S. EPA (2022) and 
the Ministry of Health of the Russian Federation 

(2)EF
i
=
(

C
i
∕CAl

)

∕(K
i
∕KAl),

(3)TEF =

n
∑

i=1

EF
i
− (n − 1),

(Rakhmanin et  al., 2004). Due to the difference in 
toxicity between ions with different valencies, the 
concentration of Cr6+ was calculated as one-seventh 
of the total chromium concentration (Wang et  al., 
2021d).

The non-carcinogenic risk was defined as:

where HQj is the hazard quotient of the jth element 
(unitless); Cj represents the concentration of the jth 
toxic element in PM10 (ng/m3); InhR is the inhalation 
rate (m3/day) and is used separately for children up 
to 6 years old (InhRc) and adults from 21 to 71 years 
old (InhRa); EFR represents the exposure frequency 
(day/year); ED is the exposure duration (year) which 
is determined separately for children (EDc) and adults 
(EDa); BW is body weight (kg) of a child (BWc) or 
adult (BWa); AT is the average time (day); RfDj is the 
reference dose of the jth element (mg/kg/day); 106 
is conversion factor (ng/mg); HI is the hazard index 
(unitless). InhR, EF, ED, BW, and AT values are 
shown in Table S1 (Supplementary materials).

The carcinogenic risk was calculated as follows:

where CRj refers to the carcinogenic risk of the jth 
element (unitless); SFj represents the slope factor of 
the jth element (kg × day/mg); TCR​ is the total car-
cinogenic risk (unitless). The values of RfDj and SFj 

(4)
HQj = (Cj × InhR × EFR × ED) ∕ (BW × AT × RfDj × 106),

(5)HI =
∑

HQj,

(6)

CRj =
(

Cj × EFR × SFj∕ (AT × 10
6
)

)

× (InhRc × EDc∕BWc + InhRa × EDa∕BWa),

(7)TCR =
∑

CRj,

Fig. 2   Average monthly 
congestion level in Moscow 
in 2020 (TomTom Traffic 
Index, 2020)
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are based on the data of the U.S. EPA, Cal EPA, and 
the Ministry of Health of the Russian Federation (Cal 
EPA, 2022; Rakhmanin et al., 2004; U.S. EPA, 2022) 
and are listed in Table S2 (Supplementary materials).

For non-carcinogenic risk HQ and HI are clas-
sified as: no hazard (< 0.1), low hazard (0.1–1), 

moderate hazard (1–10), and high hazard (> 10) 
(Lemly, 1996). For carcinogenic risk, CR and TCR​ 
values are classified into four grades: very low 
(≤ 10−6), low (10−6–10−4), medium (10−4–10−3), 
high (≥ 10−3) risk (Rakhmanin et al., 2004).

Table 1   Descriptive statistics of PM10-bound PTEs during lockdown (L) and recovery (R) periods in April–July 2020

n is the number of samples. NDL is the percentage of samples with a concentration below the detection limit of the total number of 
samples for the period; NDLs of 0% are not shown. Cv is the coefficient of variation, and Cv > 70% are given in bold

PTE Detection 
limit, ng/
filter

Lockdown period L (Apr 24–May 31), n = 29 Recovery period R (Jun 01–Jul 30), n = 40

Mean ± s.d., ng/m3 Min–Max, ng/m3 Cv, % (NDL, %) Mean ± s.d., ng/m3 Min–Max, ng/m3 Cv, % (NDL, %)

Li 0.35 0.18 ± 0.088 0.07–0.40 48 0.22 ± 0.10 0.067–0.51 48
B 3.4 0.62 ± 0.35 0.12–1.4 56 (7) 1.2 ± 0.73 0.12–2.7 62 (2)
Na 190 62 ± 36 11–140 58 66 ± 29 21–168 44
Mg 23 54 ± 26 16–116 48 66 ± 44 17–268 67
Al 97 158 ± 70 53–299 44 162 ± 92 29–410 57
P 150 12 ± 5.9 5.0–29 47 (31) 19 ± 6.7 5.1–32 36
S 270 294 ± 146 62–658 50 373 ± 261 77–1405 70
K 63 72 ± 33 22–136 45 98 ± 44 35–190 45
Ca 540 464 ± 197 151–957 42 554 ± 274 162–1138 50
Ti 19 9.8 ± 8.8 1.5–32 90 12 ± 7.1 0.75–34 59
V 5.1 0.72 ± 0.49 0.17–2.2 68 (17) 0.85 ± 0.695 0.17–2.9 82 (20)
Cr 5.3 3.4 ± 1.1 1.4–6.1 32 5.1 ± 1.6 2.9–9.9 30
Mn 3.9 5.8 ± 2.3 2.4–11 40 8.6 ± 3.9 2.9–20 46
Fe 140 291 ± 122 123–690 42 425 ± 210 113–1111 49
Co 0.7 0.10 ± 0.053 0.024–0.26 52 (14) 0.12 ± 0.063 0.025–0.33 53
Ni 3.8 0.68 ± 0.59 0.15–2.7 86 0.56 ± 0.30 0.16–1.4 54
Cu 5.8 5.3 ± 2.7 1.9–14 50 11 ± 9.3 2.7–49 87
Zn 7.4 14 ± 10 4.1–61 77 16 ± 8.0 5.5–46 50
As 0.55 0.053 ± 0.098 0.018–0.49 184 (83) 0.096 ± 0.12 0.010–0.46 124 (60)
Rb 0.48 0.35 ± 0.18 0.10–0.84 52 0.43 ± 0.24 0.12–0.97 55
Sr 0.69 1.4 ± 0.71 0.54–3.1 49 1.8 ± 0.93 0.53–4.1 51
Zr 0.48 0.4 ± 0.18 0.19–0.83 44 0.71 ± 0.49 0.19–2.2 70
Mo 0.45 0.20 ± 0.21 0.054–1.1 107 0.37 ± 0.24 0.12–1.3 65
Cd 0.26 0.13 ± 0.11 0.009–0.42 78 (3) 0.16 ± 0.26 0.009–1.7 162 (5)
Sn 1.1 1.1 ± 1.1 0.30–5.9 99 2.8 ± 2.6 0.49–12 94
Sb 0.3 0.93 ± 0.79 0.19–3.9 85 1.5 ± 1.8 0.28–10 117
Cs 0.064 0.024 ± 0.022 0.002–0.11 95 (3) 0.031 ± 0.03 0.002–0.12 95 (7)
Ba 0.24 5.4 ± 2.3 2.3–13 42 11 ± 5.5 2.5–28 51
W 0.2 0.15 ± 0.11 0.029–0.48 72 0.096 ± 0.051 0.035–0.24 54
Pb 0.35 4.7 ± 4.3 0.55–17 91 6.6 ± 6.2 0.96–28 94
Bi 0.097 0.065 ± 0.067 0.028–0.39 102 0.13 ± 0.087 0.022–0.41 67
Th 0.05 0.022 ± 0.013 0.005–0.054 58 0.027 ± 0.016 0.005–0.07 62
U 0.014 0.01 ± 0.005 0.003–0.02 48 0.012 ± 0.006 0.003–0.024 52
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Identification of main PTEs sources was based 
on the absolute principal component analysis with 
multiple linear regression (APCA-MLR) in Sta-
tistica 8 (TIBCO Software Inc., USA) and R pro-
gramming environment. The contribution of sources 
to the PTE concentrations was determined using 
the PCA with the calculation of Absolute Princi-
pal Component Scores (APCS). The detail process 
of APCA-MLR modeling was described in Thurs-
ton and Spengler (1985). The main steps of the 
approach are summarized below. Prior to the analy-
sis, Z-normalization was applied:

where Cik is the concentration of the ith chemical ele-
ment in the sample k, C̄𝜄 is the average concentration 
of the ith element, and σi is the standard deviation of 
the ith element.

The Varimax rotation method for PCA was used. 
Kaiser–Meyer–Olkin (KMO) and Bartlett’s spheric-
ity tests were performed to examine the suitability 
of the data for PCA (Varol, 2011). Only the prin-
cipal components with eigenvalues > 1 (Kaiser’s 
criteria) were used as factors. As the factor scores 
obtained from PCA are normalized, with mean zero 
and standard deviation equal to unity, the true zero 
for each factor score was calculated by introducing 
an artificial sample with zero concentrations of all 
variables. For this additional sample, normalized 
values for PTE concentrations will be as follows:

The APCS for each component are then esti-
mated by subtracting the factor scores for this artifi-
cial sample from the factor scores of each one of the 
true samples.

Regressing the PTE concentration data on APCS 
gives estimates of the coefficients, which convert 
the APCS into pollutant source mass contributions 
of each source for each sample. The source contri-
butions to Ci can be calculated as follows:

where ξ0i is the intercept of multiple regression for the 
ith element, ξpi is the coefficient of multiple regres-
sion of the source p for pollutant i, and APCSp is the 
scaled value of the rotated factor p for the considered 

(8)Zik = (Cik − C̄𝜄)∕𝜎i,

(9)
(

Z0
)

i
= (0 − C̄𝜄) ∕𝜎i = −C̄𝜄∕𝜎i.

(10)Ci = �0i +
∑

(

APCSp × �pi

)

, p = 1, 2,… , n,

sample. APCSp × ξpi represents the contribution of 
source p to Ci. The mean of the product APCSp × ξpi 
for all samples represents the average contribution of 
the sources (Ma et al., 2021).

APCA-MLR uncertainty (UNC, %) is calculated 
as:

where Cmeas is the measured concentration of PTE, 
and Cmodel is the predicted concentration of PTE 
based on APCA-MLR (Song et al., 2006).

Results and discussion

PTE concentrations during the lockdown and 
recovery periods

Descriptive statistics for concentrations of 
PM10-bound PTEs in Moscow during the lockdown 
(L) and recovery (R) periods in April–July 2020 are 
shown in Table 1. During the L period, the statistical 
analysis revealed a high coefficient of variation (Cv) 
for As, Mo, Bi (102–184%), and for Sn, Cs, Pb, Ti, 
Sb, Ni, Cd, Zn, W (72–99%). For other elements, the 
Cv ranged from 32 to 68%. The resumption of anthro-
pogenic impact after the lifting of restrictions resulted 
in increased Cv for Cd, Cu, Sb, S, V, Zr, Al, and Mg 
concentrations by 12%–83%.

The time series (Fig. S3, Supplementary materi-
als) depict peaks in PTE concentrations during the L1 
period, which were observed on April 26 and likely 
associated with the advection of polluted air. Addi-
tional peaks were noted at the beginning and the end 
of the first decade of May, coinciding with the tradi-
tional burning of large amounts of garbage and fuel in 
suburban areas during the May holidays, as well as a 
large number of barbecues held in city parks. Follow-
ing the end of the heating season, peaks of PTE con-
centrations in the L2 period were recorded on May 
15–16 and May 28. After the beginning of restrictions 
removal (L2), the concentrations of most PTEs began 
to increase rapidly, reaching maxima on June 8–10 
and June 16–18. This may be attributed to the smoke 
transfer from the suburbs, as earlier an advection of 
a smoke cloud from agricultural fires was confirmed 
for June 18 (Chubarova et  al., 2021). During these 
advection events, industrial enterprises that continued 

(11)UNC =
(

Cmeas − Cmodel

)

∕Cmeas × 100%,
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to operate in cities near Moscow could exert an addi-
tional impact (Vergel et al., 2022). Notable increases 
in PTEs concentrations were observed on June 22–24 
and July 26–27, with specific days (July 4, 6, 10, 12, 
and 19) showing elevated levels of Sb, Sn, As, Cu, B, 
Cs, Pb, Mo, Bi, and Zr.

In the recovery period R, the values of Cv 
decreased for As, Mo, Bi, Ni, Ti by 31–61%, and 
for W, Zn, Na, P by 12%–27% because of either the 
growth of average concentrations in period L or a 
reduced range between maximum and minimum con-
centrations due to a rapid increase in minimum con-
centrations compared to maximum ones. PTEs origi-
nating from crustal sources, i.e., B, Ba, Ca, Co, Cr, 
Fe, K, Li, Mn, Rb, Sr, Th, and U, showed 10% and 
lower differences in Cv between L and R periods. In 
general, after the removal of restrictions, higher Cv 
were observed for Cd, As, and Sb (117–162%) and 
Cs, Pb, Sn, Cu, Mo, V, S, and Zr (70–95%). Cv for 
other elements varies from 30 to 67%, indicating that 
they come from mixed sources.

The δm coefficient shows a significant increase 
in the concentrations of nearly all PTEs in the R 
period compared to the L period (Fig. 3). The most 
significant growth (δ1 > 100%) is typical for Bi, Mo, 
and Sn, and less pronounced (δ1 from 40 to 100%) 
for Ba, B, Ti, Cu, Sb, Zr, and Cr, which indicates 
the supply of all above-listed PTEs predominantly 
from anthropogenic sources. The increase in anthro-
pogenic activities during the R period is supported 
by data on rising combustion of fossil fuels in Mos-
cow, accompanied by the recovery of traffic inten-
sity and revival of the energy and industrial sectors 
almost immediately after the start of restrictions 
removal (Popovicheva et al., 2022). Relatively mod-
est increases in δ1, ranging from 10 to 40%, were 
recorded for Fe, Zn, P, Mn, K, Pb, Sr, Cs, and Na. 
Only W exhibited a clear decrease in concentrations 
after the removal of restrictions (δ1 = –36%), which 
can be attributed to the typically high W levels for 
Moscow in atmospheric aerosols in spring and its 
minimal occurrence during the summer compared 

Fig. 3   Changes in median concentrations ratio (δm, %) of 
PM10-bound PTEs in Moscow during the periods L, R, L1, L2, 
R1, and R2. Coefficients δm = 100% × (Cm − Cm–1)/Cm–1 show 

changes in PTE concentrations Cm and Cm–1 during the mth 
period as compared to the previous one
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to other seasons, as previously observed in the city 
center (Gubanova et al., 2021a). As for the content 
of PM10-bound Al, As, Ca, Cd, Co, Li, Mg, Ni, Rb, 
S, Th, U, and V, the differences between R and L 
did not exceed ± 10%.

Comparison of the periods L2 (lockdown period 
after the end of the heating season) and L1 (lockdown 
period during the heating season) allowed assessing 
the atmosphere state under minimal anthropogenic 
impact. During L2, there was a rapid decrease in the 
concentrations of most PTEs due to the end of the 
heating season and high precipitation in May, reach-
ing up to 20  mm per day (Fig. S2, Supplementary 
materials). The decrease ranged from 30 to 50% for 
Pb, W, Sb, Cd, S, V, Cs, Co, Li, U, and Cr and from 
10 to 30% for other elements, except K, Ba, As, Ti, 
Ca, P, and Mn. The latter changed their concentra-
tions by no more than 10%. The concentration of Bi 
increased by 18% (Fig. 3). The increased atmospheric 
oxidizing capacity during the lockdown promoted 
the formation of more acidic species and further 
enhanced the dissolution of aerosol PTEs (Liu et al., 
2021), which, along with heavy rains, may be a rea-
son for the decrease of PTE concentrations in the air 
during the lockdown.

The comparison of R1 and L2 periods shows a 
rapid increase in the concentrations of nearly all 
PM10-bound PTEs during R1 after the beginning of 
the removal of restrictions, especially for Pb, Sb, Mo 
(by 122–244%), Cu, Bi, Sn, Cr, B, P, Cs, Ti, and V 
(by 43–84%), Zn, Cd, Zr, W, K, Sr (by 20–31%), indi-
cating a crucial role of anthropogenic sources in PTE 
air pollution in Moscow and a significant impact of 
restrictive measures on the abatement of the overall 
atmospheric pollution with PTEs. The increase in 
concentrations of other pollutants was 10–20% and 
did not exceed 10% for As, Al, Mg, and Li; concen-
trations of Ca and Th decreased by 12–17% after the 
removal of restrictions.

Comparison of periods R2 and R1 makes it pos-
sible to estimate the duration of PTE air pollution 
recovery. During R2, the concentrations of most 
PTEs such as Ba, Fe, Th, Mo, Bi, Zr, Sn, Ca, and Mn 
(δ4 = 27–63%), as well as Cd, Li, B, Mg, Ti, Co, S, 
and Na (δ4 = 10–21%) continue to increase, that is, the 
time lag between the lifting of restrictions and the res-
toration of the level of PM10-bound PTEs exceeds two 
weeks (the duration of the R1 period). The prolonged 
lag, as well as the decrease in the concentrations of 

V, W, P, Sb, and Pb by 14–52% during R2 relative to 
R1, is probably associated with (1) the beginning of 
the vacation season and the significant departure of a 
large number of residents outside the city and suburbs 
to other regions, and (2) frequent and heavy rains in 
R1, the first weeks of R2 and occasionally in July, 
which hindered the full recovery of pollutant levels in 
the air. The values of δ4 do not exceed ± 10% for Al, 
As, Cr, Cs, Cu, K, Ni, Rb, Sr, U, and Zn, indicating 
the stabilization of the levels of these PTEs after the 
complete cancellation of restrictive measures.

The decreasing trends of PM10-bound PTE con-
centrations obtained for Moscow are close to the 
results obtained for PM2.5 in Tangshan, China, where 
during the lockdown, concentrations of Zn, Pb, and 
Cr decreased by 39%–48%, Fe by 25%, and Cu by 7% 
(Li et  al., 2021). Concentrations of Cr, Pb, Mn, Fe, 
Zn, As, and Ni in PM2.5 in Taiyuan, China, decreased 
by 39–51% (Wang et  al., 2021c), which is slightly 
below the estimates for PM10 in Elche, Spain, for K, 
Ca, Ti, Mn, Fe, Ni, Cu, and Zn (40–80%) coming 
from road dust and worn out brake particles (Clem-
ente et al., 2022).

Enrichment factors

EF determines the levels of enrichment of atmos-
pheric aerosols with PTEs in different periods and 
the probable origin of the elements (Fig. 4). A high 
median level of EF ≥ 100 for Sb, Cd, Sn, Bi, S, Cu, 
and Zn during the all four studied periods indicates 
the dominant influence of anthropogenic sources. The 
EF values for these PTEs increased after the restric-
tions were removed, especially for Sb, Cd, S, Pb, 
Cu, Mo, and Zn during R1, and for Sn and Bi dur-
ing R2 (Fig. 4A), which suggests that various sources 
resumed their activities at different rates following 
the lockdown.

During all periods, EFs are 10–100 for W, B, Cr, 
and Ca (Fig.  4B). During the recovery periods R1 
and R2, EFs > 10 were also observed for P and Ba. 
Almost all PTEs exhibited an increase in EFs after 
the removal of restrictive measures, indicating a 
mixed origin from both natural and anthropogenic 
sources. A decrease in EFs was noted for W from 
the start of restrictions to the recovery period, which 
aligns with the previously identified similar trend in 
the EFs of this metal in Moscow aerosols from spring 
to summer (Gubanova et al., 2021a).
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EFs < 10 for Ni, As, V, Mn, Fe, Li, Co, Sr, Cs, 
Rb, K, Mg, U, Zr, Ti, Na, and Th indicates the dom-
inance of natural (terrigenous) sources during all 
periods (Figs. 4B, 4C). After the removal of restric-
tions, EFs of these elements increased, similar to the 
anthropogenic PTEs, possibly due to meteorological 
conditions. In the summer months, especially dur-
ing R2, the blowing of soil particles and road dust 
became more intense as compared to spring due to 
higher air temperatures and prolonged dry periods 
between sporadic rains in July (Gubanova et  al., 
2022). The enrichment of PM10 particles with ele-
ments of terrigenous origin can also be amplified 
due to the growth of the number of cars on the 
roads, which contribute to the accelerated formation 

of road dust particles and their active blowing in 
Moscow (Ivaneev et al., 2023).

Throughout all periods, the association of PTEs 
with the highest EFs was stable, and it included Sb, 
Cd, Sn, Bi, S, Pb, Cu, Mo, and Zn. This set closely 
aligns with the list of PTEs that accumulate in aero-
sols in different seasons (Gubanova et  al., 2021a), 
in soils (Kosheleva et  al., 2018; Romzaykina et  al., 
2021; Vlasov et  al., 2022), road dust and its PM10 
fraction (Ermolin et  al., 2018; Ivaneev et  al., 2023; 
Kasimov et al., 2020; Ladonin & Mikhaylova, 2020; 
Vlasov et al., 2023b), dissolved and suspended phases 
of snow cover (Vinokurov et al., 2017; Vlasov et al., 
2020) and atmospheric precipitation (Vlasov et  al., 
2021a, 2023a), river suspension, water, and bottom 

Fig. 4   Enrichment factors 
for PM10-bound PTEs from 
A anthropogenic sources 
with EF > 100, B mixed 
natural and anthropogenic 
sources with EF from 10 to 
100, and C natural sources 
with EF < 10 during April–
July 2020. The boxes show 
the 25% and 75% quartiles, 
and the whiskers show the 
minimum and maximum 
values
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sediments (Erina et al., 2021; Shinkareva et al., 2022; 
Vlasov et al., 2019). This testifies to forming a cohe-
sive geochemical profile of anthropogenic impact in 
almost all components of the urban environment in 
Moscow.

The total enrichment factor (TEF) provides a com-
prehensive assessment of aerosol enrichment with 
PTEs (Fig. 5A, B) and their contribution to PM10 pol-
lution (Fig. 5C, D). During the lockdown period L1, 
the TEF values varied from 1549 to 4820. During L2, 
after the end of the heating season until the last week 
of May, TEF did not exceed 2700, then it increased 
immediately after the start of restrictions removal, 
and it amounted to 9239 on June 3. The growth of 
TEFs during the last week of May could be a result 
of the anomalous precipitation that contributed to 
the removal of large particles from the atmosphere 
(Vlasov et al., 2023a). A total of 121 mm of precipi-
tation fell out from May 28 to June 2 (Fig. S2, Sup-
plementary materials), which is double the monthly 
norm for May (Chubarova et  al., 2014). Moreover, 
aluminum, used as a normalizing element in calcu-
lating EFs, is usually associated with large particles 

(Guo et al., 2015). Thus, June 3 marked the minimum 
concentration of Al (40  ng/m3) and the maximum 
TEF in April–June. The essential role of precipitation 
in cleaning the air was also noted in the State of São 
Paulo, Brazil, where heavy rains prior to the introduc-
tion of restrictive measures led to only a slight reduc-
tion in air pollution with gases, PM10 and PM2.5 par-
ticles during the lockdown itself (Rudke et al., 2021).

During the first weeks of the recovery period 
R1, the TEF gradually decreased to 5536. Through-
out R2, the TEF varied from 2518 to 5308 until 
July (Fig. 5A). In July, the pattern of TEF change is 
similar to a “heart rate”-shaped one with alternating 
peak and low values. Such variability in TEF is typi-
cal only for the period after the removal of restrictive 
measures. Local TEF peaks were observed on July 6 
(TEF = 22,784), July 15 (14,108), July 17 (8102), and 
July 27 (12,058). The peaks of July 15 and July 17 
coincided with a period of heavy rains on July 14–17, 
when 44 mm of precipitation fell out (almost half of 
the monthly norm for July), and it was on July 15 that 
the minimum Al concentration (28 ng/m3) for the 
entire study period in April–July was recorded (28 

Fig. 5   Total enrichment factor: A daily variations of TEF dur-
ing April–July 2020, B mean, 25% and 75% quartiles, and the 
minimum and maximum values of TEF for the studied periods, 

C contributions of selected elements to TEF during April–July 
2020, and D mean contributions of selected elements to TEF 
for the studied periods
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ng/m3). The peak of July 27 corresponds to a rela-
tively heavy rain of 8.5 mm. In other episodes, sig-
nificant changes in TEF during precipitation were not 
recorded.

Comparison of median TEF values in the four 
studied periods revealed a change in the total aerosol 
enrichment with PTEs during and after the removal 
of restrictions (Fig.  5B). In the second period of 
restrictions L2, TEF decreased by 38% compared to 
L1. The removal of restrictions had a rather strong 
impact on the overall level of PTEs in aerosol: in the 
period R1, TEF increased by 152% compared to L2, 
and after the complete removal of restrictions in R2, 
there was a decrease of 23%. Wherein more than 1/3 
of the TEF value during April–July was accounted for 
by Sb (Fig. 5C), and together with Cd, these two ele-
ments determined more than half of the TEF value. 
Among other elements, Sn, Bi, S, Pb, Mo, and Zn 
contributed most (≥ 5%) to the TEF in certain periods 
studied. During L2 after the end of the heating sea-
son, the contribution of Sb and Cd (Fig. 5D) to TEF 
decreased mainly due to a significant increase in the 
share of Sn (from 6 to 14%). In the period R1, the 
input of Sb, S, and Pb to TEF began to grow, while 
the proportion of Cd, Sn, Mo, and Zn became lower. 
After the complete removal of restrictions in R2, the 
contribution of Sb, Bi, Mo, and Sn slightly increased, 
and that of Cd, S, and Pb decreased. This indicates 
a change in the sources of PTEs and their role in the 
overall pollution of aerosols.

Source identification with APCA‑MLR

To identify possible sources and apportion the 
PM10-bound PTEs during the lockdown in Mos-
cow, the APCA-MLR method was used. PTEs with 
strong (r > 0.9) correlations (Fig. S4, Text S1, Sup-
plementary materials) were excluded from the analy-
sis to prevent confounded effects as suggested earlier 
(Ashton & Macintosh, 2002; Pinto & Maheshwari, 
2011): Li, Th, U (high r with Al), Mg and Sr (Ca), 
Mn and Ba (Fe), Rb (K, Cs), Al (Ca), as well as As 
and P as having more than 80% and 30% of samples 
with concentrations below the DL during the lock-
down period, respectively (Table  1). APCA-MLR 
analysis was applied to a single dataset that included 
the results of sixty-nine PM10 samples testing for the 
content of twenty-two PTEs. Kaiser–Meyer–Olkin 
test (0.80, meritorious level) and Bartlett’s sphericity 

test (p < 0.001) showed the suitability of the dataset 
for PCA (Varol, 2011).

PCA with Varimax rotation revealed five princi-
pal components (Table  S3, Supplementary materi-
als) that explained 70.5% of the total PTEs variance: 
PC1 (19.3% of total variance) is associated mainly 
with the accumulation of Bi–Fe–Sn–Zr–Cr–Ca–Cu; 
PC2 (18.3% of total variance) explains the accumula-
tion of V–Cs–K–B–S; PC3 (11.5% of total variance) 
relates predominantly to Ni–W–Ti–Mo; PC4 (12.2% 
of total variance) is associated with Sb–Cu–Pb; PC5 
(9.2% of total variance) connected predominantly 
with Na.

The specific contribution rates of different sources 
to PTEs concentrations, obtained through APCA-
MLR analysis and averaged for the entire study 
period, are presented in Table  S4 (Supplementary 
materials). The values of the coefficient of deter-
mination R2 between the initial concentrations of 
PM10-bound PTEs and the estimated concentrations 
were > 0.5 for all elements (> 0.6 in most cases). The 
uncertainty in the estimates did not exceed ± 25% 
for all elements except Ti and Cr (31% and 40%, 
respectively). These results indicate a good agree-
ment between the modeled and observed values and 
demonstrate the reliability of the source contribution 
estimates (Haji Gholizadeh et  al., 2016). During the 
APCA-MLR, we assumed that each factor associated 
with the influence of the PTEs source corresponds to 
the identified principal component (for instance, F1 
corresponds to PC1, F2 corresponds to PC2, etc.).

To assess changes in the contributions of possible 
sources after the removal of restrictions, the average 
contributions of PTEs to PM10 composition were cal-
culated for the lockdown L and recovery R periods 
(Fig. 6).

For the lockdown period L, the first factor, i.e., 
urban dust, has component loadings > 0.5 with Bi, 
Fe, Sn, Zr, Cr, Ca, and Cu and is responsible for high 
concentrations of PM10-bound K, B, Ti, Co, Zn, Mo, 
Sn, and Sb (Table S4) with component loadings < 0.5. 
The factor is probably associated with the transport 
of urban dust, including particles of polluted soils, 
construction dust, mineral particles, fine fractions of 
road dust, etc. (Fig. 6). Calcium is an indicator of car-
bonate dust, often emitted in cities during construc-
tion and demolition processes (Ramírez et al., 2019). 
The association connected with the first factor shows 
a similar composition to Moscow road dust and its 
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PM10 fraction, which are highly enriched with Bi, 
Cu, Sn, Sb, Mo, and Zn (Vlasov et al., 2021b). High 
concentrations of K, Ti, Fe, Zr, and Co are charac-
teristic of the composition of secondary soil miner-
als (Kabata-Pendias, 2011), while Zr, Ca, Cr, Fe, Sb, 
Ti, and Co are released when the road surface and 
car parts are worn out by transport (Pant & Harrison, 
2013).

The second factor is related to the combustion 
and exhaust traffic emissions. It is associated with V, 
Cs, K, B, and S. The input of K, Cs, and S may be 
due to the combustion of biomass, garbage, and fos-
sil fuels (Christian et al., 2010; Landing et al., 2010; 
Massimi et  al., 2020). Vanadium is a component of 
lubricating oils and can be found in diesel emissions 

(Shafer et al., 2012), borates are widely used to pro-
duce automotive fluids (U.S. Borax, 2023). Factor 2 
is not associated with the supply of soil particles and 
crustal materials, as the K/Cs ratio in the factor 2 pro-
file is 1481 (Table S4), which is 3.2 times lower than 
that in the Earth’s crust (Rudnick & Gao, 2014), and 
2.3 times lower than in the profile of the first factor. 
This prevents identification of the second factor as a 
supply of soil particles and crustal materials, despite 
the relatively high concentrations of K and Na in the 
factor 2 profile compared to the other factors. How-
ever, relatively high Na emission factors are typical 
for passenger cars, even of the Euro–4 class (Alves 
et al., 2015).

Fig. 6   Source contribution 
to PM10-bound PTEs in 
April–July 2020: A during 
the lockdown, B after the 
lockdown
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The third factor indicates industrial emissions; 
it has high component loadings for Ni, W, Ti, and 
Mo, as well as high concentrations of Cd and Pb in 
the profile of this factor relative to other factors. Fac-
tor 3 characterizes the impact of industrial facilities, 
especially metalworking enterprises and repair shops, 
and is associated with the abrasion of steel products 
(Bencharif-Madani et al., 2019; Bozkurt et al., 2018). 
Their influence is confirmed by the Mo/Sb ratio 
of 1.8 for factor 3 and 0.01–0.34 for other factors 
(Table S4). We have previously proved that industrial 
pollution of dust in Moscow is clearly traced by Mo/
Sb > 1 (Vlasov et al., 2021b).

The fourth factor is related to non-exhaust traffic 
emissions associated with the contribution of Sb, Cu, 
and Pb. These elements are released into the atmos-
phere when the brake mechanisms of cars are abraded 
(Ozaki et al., 2021; Ramírez et al., 2019); they show 
high concentrations in PM10 fraction of road dust 
in Moscow (Vlasov et  al., 2021a) and urban soils 
(Kosheleva et al., 2018; Vlasov et al., 2022). The Cu/
Sb ratio for F4 is 4.9, which falls within the range of 
2.2–18.9 observed in atmospheric particles in tunnels 
and road dust in various cities (Alves et  al., 2018). 
The Zn/Cu ratio (0.6) is minimal for F4; for other 
factors, it is 1.5–6 times higher, which proves the 
transport source of Cu (Hwang et  al., 2016). Brake 
pad abrasion produces particles with the Fe/Cu ratio 
between several unities and 40 (Alves et  al., 2018). 
In our study, the Fe/Cu ratio for F4 is minimal (7) 
compared to other factors (35–162), which also sup-
ports the identification of F4 as non-exhaust traffic 
emissions.

The fifth factor indicates deicing salts; it has high 
component loading for Na. High S, K, Ca, Co, W, and 
Pb concentrations also characterize its profile. Blow-
ing out of particles of deicing mixtures (NaCl, CaCl2, 
or marble chips) used for roadway treatment in the 
cold period in Moscow (Voronov et al., 2019) impacts 
the ion composition of aerosols as well (Zappi et al., 
2023). Salt remains on the road surface even after 
heavy rains in summer, causing an increased electri-
cal conductivity of road dust (Kasimov et  al., 2019) 
and salinity of the surface horizon of urban soils 
(Nikiforova et  al., 2014). Additionally, factor 5 may 
be associated with the formation and transport of a 
secondary inorganic aerosol due to the lowest S/Na 
ratio (3) compared to other factors (15–51) and high 
concentrations of S in the F5 profile that may indicate 

sulfate-rich aerosols (Grivas et al., 2018). Factor 5 is 
also characterized by increased concentrations of Zn, 
Co, and Fe (Table S4), the accumulation of which can 
be contributed by secondary aerosols (Wang et  al., 
2021a).

In general, during the lockdown period L in Mos-
cow, the contribution of urban dust was significant 
for Bi (72%), Sn, Zr, Cr, Cu (45–54%), Fe, Mo, Sb, 
Zn, and Ca (25–30%); combustion and exhaust traf-
fic emissions strongly influence the concentrations of 
Cs, V, B, Cd, Sb, and K (20–41%); the contribution 
of industrial emissions was significant for Ni, Mo, Ti, 
Cd (52–70%), W, Zr, Pb, Co, and V (24–42%); non-
exhaust traffic emissions contributed a lot to Sb, Cu, 
Pb, and Cd (11–23%); the proportion of deicing salts 
was substantial for Na (90%), S, Zn, W, Ca, K, Co 
(45–54%), Pb, Cu, B, Fe, and Cr (29–45%) (Fig. 6).

Throughout the recovery period R after the 
removal of restrictions compared to the lockdown 
period L, lower contribution of industrial sources to 
PTEs, especially Mo, Cd, Ti, Zr, Pb, Ni, V, Cr, Co, 
and Fe (by 10%–28%), was noted (Fig. 6). This may 
be attributed to the end of the heating season and 
the rise in contributions from other sources. Thus, 
the contribution of urban dust to PTEs increased by 
15%–26% for Mo, Ti, Cr, Fe, Zn, Ca, Zr, Co, Sn, 
and K, combustion and exhaust traffic emissions by 
5%–8% for V, Cd, Pb, K, and S, and non-exhaust traf-
fic emissions by 5%–15% for Pb, Cd, Sb, S, and Cu. 
This can be explained by the increase of anthropo-
genic activities following the removal of restrictions, 
which aligns with the data indicating an increase in 
urban dust blowing in summer as a resulf of rapid 
drying of roadways and topsoils after rains (Gubanova 
et  al., 2022). On the other hand, the contribution 
of deicing salts to PTEs, especially Zn, Cu, S, Ca, 
K, B, Fe, Co, Cr, Sn, Pb, and Cs, also decreased by 
10%–20%, resulting from the lower input of deicing 
agents from soil and road surfaces in summer due to 
their gradual washing out by rains.

Health risk assessment

In order to evaluate the impact of restrictive measures 
on the air pollution hazard posed by PTEs, non-carci-
nogenic and carcinogenic risks were calculated, and 
the corresponding results for the four studied periods 
(L1, L2, R1, R2) are depicted in Fig.  7. Non-carci-
nogenic risk decreases in the following sequence: 
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Cu > Mn > Al > Ni > Co > Ba > Zn > Cd > Pb > V > 
Cr > Sb > As > Fe > Mg > Ti > U > Mo > Sn > B > W. 
At the same time, in terms of non-carcinogenic risk 
hazard quotient (HQ), only Cu and Mn for children 
and Cu for adults fall into the gradation of low hazard 
(0.1–1). The remaining elements are characterized 
by HQ < 0.1, thus indicating no health risk during all 
studied periods. The median level of total non-carci-
nogenic risk HI for children is moderate (1.08–1.44) 
during the first period of restrictions L1 and after the 
removal of restrictions (R1 and R2) and decreases to 
the low hazard (HI = 0.82) during the second period 
of lockdown L2. Throughout all periods, the median 
value of HI for adults corresponds to the low hazard 

level (0.27–0.47). In general, the non-carcinogenic 
risk HI for children is three times higher than for 
adults. The lowest levels of HQ for all PTEs are typi-
cal for the second period of the lockdown L2. The 
highest levels for B, Ti, Cr, Mn, Fe, Cu, Zn, As, Mo, 
Sn, Sb, Ba, and Pb were observed after the removal of 
restrictions during R1 and R2, and for Mg, Al, V, Co, 
Ni, Cd, W, and U during the first period L1.

The carcinogenic risk CR decreases in the following 
sequence of elements: Cr > Co > Cd > Ni > As > Pb. 
Chromium provides a low carcinogenic risk from 
1.19 × 10−5 to 2.10 × 10−5; other PTEs are character-
ized by very low CR, not exceeding a threshold value 
of 10−6. The total carcinogenic risk TCR​ remains at a 

Fig. 7   The non-carcino-
genic risks HQ for selected 
PTEs and the total non-
carcinogenic risk HI for A 
children and B adults; C 
carcinogenic risks CR for 
selected PTEs and the total 
carcinogenic risk TCR​ dur-
ing and after the lockdown
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low level throughout all the studied periods (median 
TCR​ ranges from 1.21 × 10−5 to 2.20 × 10−5), primar-
ily driven by the presence of Cr. The lowest levels of 
CR for all PTEs, as well as TCR​ are characteristic of 
the lockdown period L2; the highest levels for Co, Ni, 
and Cd are typical of L1, and for Cr, As, and Pb dur-
ing R1 and R2.

In the period of restrictions, the median levels 
of total non-carcinogenic and carcinogenic risks 
decreased by 24% and 23%, respectively, from a mod-
erate hazard in L1 to low one in L2 for non-carcino-
genic risk and remaining at the level of low risk for 
the carcinogenic risk (Fig.  8). After the lockdown, 
the risks increase by 61% and 72%, respectively, with 
non-carcinogenic risk returning from the low hazard 
in L2 to moderate hazard in R1. However, the median 
levels of the total non-carcinogenic and carcinogenic 
risks continue to grow and increase from R1 to R2 by 
10% and 5%, respectively. The increase in risks under 
regular economic and industrial activities poses a per-
sistent danger to the city’s population.

The non-carcinogenic and carcinogenic risks rep-
resent the first assessment of such a hazard from 
PM10-bound PTEs for the population of Moscow. 
However, these results should be used with cau-
tion as the 3-month averaging period is too short to 
provide accurate estimates over a longer period and 
does not account for seasonal variations in air pol-
lution. Although analyzing the impact of restrictive 
measures on changing risks to the population from 
PTE-polluted air and other urban environments is a 

relatively common practice (Chakraborty et al., 2022; 
Lara et al., 2021; Lee et al., 2022; Martínez Morales 
et al., 2023; Selvam et al., 2022; Wang et al., 2022), 
such estimates often assume that the time of expo-
sure of the population to pollutants is equivalent to 
the duration of the lockdown. However, the lockdown 
implies a significant reduction in human presence on 
the streets, resulting in a sharp decrease in the expo-
sure time to outdoor air. Consequently, there is a sub-
stantial increase in the exposure time to indoor air. In 
addition, when calculating carcinogenic risk, expo-
sure is averaged over 70  years, while the lockdown 
period lasted only a few months, so in general, such 
a short period of reduction in air pollution should 
not significantly affect an indiviual’s risk of cancer. 
Despite the existing limitations, such calculations 
during and after the lockdown are necessary to assess 
the reduction of risks for the urban population with a 
decrease in anthropogenic activity in the city, which 
is useful when planning measures to limit traffic and 
industrial emissions, as well as to clean roads from 
dust.

Conclusions

A first attempt was made to analyze changes in the 
concentrations of atmospheric PM10-bound PTEs in 
the urban background of Moscow during and after 
the removal of COVID-19 restrictions, which took 
place from April 24 to June 30, 2020. It was observed 

Fig. 8   Changes in median A total non-carcinogenic risks 
HI for children, and B total carcinogenic risks TCR​ of 
PM10-bound PTEs during and after the lockdown. HI values 

for adults are not shown since the patterns of their change 
completely repeat the HI changes for children
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that there were significant changes in the elemen-
tal composition of PM10 during these periods. Dur-
ing the lockdown, the concentrations of most PTEs 
from anthropogenic sources decreased by 10%–50%, 
and the total enrichment of PM10 with PTEs also 
decreased by 38%. Rains reduced the input of PTEs 
from natural sources. After the removal of restric-
tions, air pollution with PTEs recovered, resulting 
in 152% increase in the total enrichment of PM10, 
mainly due to growing contributions of urban dust 
(up to 26% increase), non-exhaust traffic emissions 
(up to 15%), combustion and exhaust traffic emissions 
(up to 8%), and simultaneously decreasing contribu-
tions of industrial sources (up to 28%) and deicing 
salts (up to 20%). However, the anomalous amount of 
precipitation in late May and the first half of June led 
to a relatively extended 2-week period of air pollution 
recovery. Throughout all the periods under investi-
gation, the leading pollutants with a high enrich-
ment of PM10 particles were Sb, Cd, Sn, Bi, S, Pb, 
Cu, Mo, and Zn. Their anomalies are also typical for 
other components of the Moscow environment, thus 
indicating the presence of intense sources of these 
PTEs in the city. The non-carcinogenic and carcino-
genic risks calculated for the population of Moscow 
are a first assessment of such a hazard from atmos-
pheric PM10-bound PTEs. These risks increased sig-
nificantly after the lockdown, creating an increased 
danger under regular economic and industrial activi-
ties. The results of the real-time experiment during 
the lockdown could help plan measures to reduce the 
anthropogenic load from certain groups of sources in 
order to improve the quality of urban air.
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