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Receptor models are rarely utilized in atmospheric deposition but are often

used to identify pollutant sources and quantify their contributions. This article

focuses on the soil in atmospheric deposition in a typical polluted city.

Atmospheric deposition has become an important route for exogenous

heavy metals’ input into ecosystems. In this study, the heavy metals in

atmospheric deposition were determined in three monitoring points

arranged in Handan City. According to the functional area, fluxes, sources,

and accumulation in the soil were explored. The sources of heavy metals were

identified by PMF (positive matrix factorization) and UNMIX. The accumulation

of heavymetals in the soil was predicted. The results showed that the deposition

fluxes in industrial areas were higher than other functional areas. The mean

concentrations of 8 heavy metals (Cd, Cr, Cu, Mn, Ni, Pb, Zn, and As) in the

atmospheric deposition exceed their background values. PMF identified five

major sources and UNMIX analyzed four sources. Similar source apportionment

results were acquired via PMF and UNMIX, which were the combustion of fossil

fuels, steel-smelting emission, road dust, and industrial sources. Steel-smelter

emission was the highest source contributor. Therefore, combining these two

models was the most effective approach, and more attention should be paid to

mitigating the pollution caused by the industrial activities. The prediction

indicated that the accumulation of heavy metals from atmospheric

deposition to the soil would increase in 30 years, the growth rate of Cd

increased significantly. The results of this study could provide reference in

reduction of heavy metal pollution in atmospheric deposition.
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1 Introduction

In recent years, with the development of socio-economic

activities in China, urban air pollution in many cities regions

like the Beijing–Tianjin–Hebei region (BTH) has become

serious. Atmospheric environment has been heavily

contaminated by anthropogenic activities such as industrial

emissions, vehicle transportation, and coal burning (Shi et al.,

2011; Okubo et al., 2013; Hou et al., 2019). Heavy metal

pollutants are discharged into the atmosphere and adsorb

aerosols, eventually returning to the surface-soil environment

through dry and wet atmospheric depositions. Atmospheric

deposition is the main channel for metals to exchange between

surface soils and atmosphere, etc. (Akhter and Madany 1993;

Duan et al., 2010; Pan and Wang. 2015). Heavy metals in

atmospheric deposition accumulate in soil, water bodies, and

plants in different forms, which can cause serious effects on

ecosystems and pose a threat to human health through intake

and the food chain (Lee et al., 2013; Guo et al., 2018; Fausak

et al., 2021). Low concentrations (0.25 μmol/L) of Cd promote

an abnormal proliferation of hepatocytes to induce liver

cancer, while high concentrations (>5 μmol/L) of Cd will

lead to acute apoptosis in many organs and tissues (Yang

et al., 2007; Kundu et al., 2013). It is very necessary to monitor

the deposition fluxes and identify the source of heavy metals in

atmospheric deposition.

Previous studies are limited primarily to the relationship

between meteorological conditions and atmospheric

deposition fluxes of heavy metals but a few studies focused

on the relationship between heavy metal concentration in

atmospheric deposition and their contents in soils (Liang

et al., 2017; Feng et al., 2019). It is generally believed that

the heavy metals in atmospheric deposition are not enough to

cause harm to the ecological environment due to their small

amount and density. Some researchers found that

atmospheric deposition was an important source of heavy

metals in the soil in China (Lu and Qiu, 2014; Sun et al., 2016;

Wang et al., 2019a). Feng et al. (2019) conducted a study

which showed that the input of different heavy metals by

atmospheric deposition accounted for 38.66%–84.57% of the

total input amount in China (Feng et al., 2019). Li et al. (2014)

assessed the impacts of atmospheric deposition on the soil

environment in the urban area of Nanjing and found that Pb

in the surface soils was obviously affected by atmospheric

deposition. Wang et al. (2019b) forecasted that the Cd

concentration in the soil of Chongqing would increase 26%

in 100 years from atmospheric deposition. According to the

aforementioned research studies, heavy metals in atmospheric

deposition accumulate in the soil and cannot be ignored.

Source apportionment of heavy metals in atmospheric

deposition can serve as a basis for better management of air

quality. Receptor models are commonly used for identifying

heavy metal sources (Mijić et al., 2010; Jain et al., 2017; Guan

et al., 2019). UNMIX is one of the receptor models

recommended by USEPA, which uses self-modeling curve

resolution (SCMR) to determine the results of source

contribution and apportionment (Kim and Henry 2000;

Henry 2003). PMF (positive matrix factorization) estimates

the source component based on a weighted-least-squares

method and decomposes sample data into ‘factor-

contribution’ and ‘factor-component’ matrices. UNMIX and

PMF have been wildly used for identifying the source

apportionments of heavy metals in atmospheric particulate

matter and soils due to their simplicity and relative accuracy

(Sharma et al., 2016; Jain et al., 2017; Deng et al., 2018). Rai et al.

(2020) qualified the 26 elements in airborne particles in Delhi

and identified the nine different sources of elements in PM2.5/10

by using PMF. Rabha et al. (2022) used PMF for source

apportionment which reveals the contributions of five

significant sources of PM10 mass in the urban area of Jorhat,

which found that coal combustion and vehicular emission

followed by biomass burning, soil dust, and industrial

emission were the main sources. To improve the precision,

the application of different multivariate receptor models to

source apportionment has been a hot topic in recent years. Jain

et al. (2021) used three different multivariate receptor models

(PCA-APCS, UNMIX, and PMF) and compared the results of

those models to better understand the probable sources of

PM2.5 and PM10 in New Delhi, which all confirmed

secondary aerosols, vehicular emissions, biomass burning,

and soil dust as the main sources. To the best of our

knowledge, there was a lack of assessment of the differences

in different receptor models for source apportionment of heavy

metals in atmospheric deposition. In this study, we compared

the results from UNMIX and PMF. This comparative analysis

allows us to increase the coverage , and refinement, of heavy

metals in atmospheric deposition source-apportionment while

enhancing our understanding of the two receptor models.

Handan is a frequent and hardest hit area of atmospheric

pollutants in China (Wang et al., 2014; Yang et al., 2018; Cai et al.,

2021). Previous research on air pollution in Handan mainly

focused on ambient, fine air-particulate matter and the soil.

Zhang et al. (2021) and Cai et al. (2021) found that the

industrial source was the main source of heavy metals in the

soil and PM2.5 in the Handan urban area, which account for

53.77% and 47.94%, respectively. The local industrial dust really

had significant impacts on the concentration of heavy metals in

the environment. Hence, in this study, the main objectives were:

1) to determine the fluxes of monthly atmospheric deposition; 2)

to detect the concentration of metals (Al, Fe, Cd, Cr, Cu, Mn, Ni,

Pb, Zn, and As) and calculate the heavy metals fluxes in

atmospheric deposition; 3) to identify the sources of heavy

metals in atmospheric deposition, quantitatively estimate the

source contribution, and compare the applicability of the PMF

and UNMIX; and 4) to predict the accumulation of heavy metals

in atmospheric deposition for soil.
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2 Material and methods

2.1 Sampling site

Handan is located in North China Plain, bordering

Shandong, Henan, Shanxi, and Hebei provinces. Moreover,

Handan is one of the 10 cities with the most air-polluted

cities in China. The total urban area in Handan is 419 sq. km,

with a resident population of 9,413,990 in 2021. Handan is

characterized by a typical temperate continental climate with

an average annual temperature of 13.5°C. Heavy industry is the

pillar industry of Handan. In 2018, the crude steel production

was 4.12 × 107 t, which accounted for 17.40% of the production in

the Hebei Province and 4.50% of the total steel production in

China. The steel production in Handan was equivalent to the

scale of Brazil. The iron and steel industry consumes a large

volume of raw material and energy for producing steel, such as

coal, liquefied natural gas (LNG), and liquefied petroleum gas

(LPG), and discharges various types of pollutants. In order to

understand the spatial distribution characteristics of atmospheric

deposition in Handan, 3 deposition-monitoring stations were

established from a variety of functional zones: KY, DW, and HG,

which represent education area, residential area, and industrial

area, respectively (Figure 1). KY was located on the roof of the

experimental building of Hebei University of Engineering

(N36.57°, E114.50°), at 18 m above ground level. There are

universities such as Hebei University of Engineering, Handan

University, and Handan Polytechnic College near KY, which

represents education area. DW was on the roof of the China

Unicom Building (DW, N36.61°, E114.53°), about 160 m far away

from heavy-traffic roads, where there were residential areas,

restaurants, and shopping malls in the surrounding area.

Thus, DW represents the residential area of Handan. HG was

at the top floor of the sewage treatment station of HBIS Group

FIGURE 1
Location of the study area and distribution of sampling sites.
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HanSteel Company (N36.60°, E114.44°) at a height of about 15 m

from the ground. There were some heavy industrial enterprises

such as steel smelter, coking plant, and metallurgical machinery

factory in the surrounding area of HG, which represents the

industrial area.

2.2 Sample collection

Automatic collection of deposition sampler (Tisch,

United States, TE-78-100) was used to collect atmospheric

deposition samples, equipped with PTFE barrels (r = 26 cm).

The PTFE barrels were soaked in HCl for 24 h and thoroughly

sterilized with 70% ethanol before use. Samples had been

collected monthly (30 ± 2 days) for 2 years. After each rain

event, the wet deposition was collected and filtered through a

0.45 μm filter membrane. The filtrates were heated to a constant

weight (at 105°C ± 5°C) and combined to the dry depositions at

the current month. Plant roots, insect cadavers, and other debris

were removed before analysis. A total of 72 atmospheric

deposition samples were collected from December 2017 to

November 2019.

2.3 Chemistry analysis

Samples of atmospheric deposition were weighed to

approximately 500 mg and placed in a PTFE digestion tank,

to which3 ml HNO3, 3 ml HCl, and 1 ml HF were added. The

tank was sealed and digested at 180°C for 2.5 h. After digestion,

the tank was cooled to room temperature and opened. Then the

digestion tank was heated again at 150°C by an electric warming

plate (EH20A plus, LabTech, China) until the solution

evaporated to almost dryness. The capacity was fixed to

100 ml by adding dilute HNO3 (3%) after cooled to room

temperature. About 50 ml of the solution was transferred to

reagent bottle for analysis. The contents of nine metals including

Al, Fe, Cu, Mn, Zn, Cd, Cr, Pb, and Ni were measured by

inductively coupled plasma mass spectrometry (ICPMS,

XSERIES 2, Thermo Fisher Scientific, United States), as was

measured by an atomic fluorescence spectrometer (AFS-230E,

Runqee, China). A blank test without any sample was also

conducted simultaneously.

2.4 Quality assurance and control

Quality assurance (QA) and control (QC) involved triplicate

analyses of the samples and certified reference materials, which

included the standard soil-reference materials (GSS-8 obtained

from the National Standard Detection Research Center, Beijing,

China). Rh was added as an internal standard to ensure

instrument stability and to avoid matrix effects. To ensure the

reliability and quality of the data, the recovery values of 10 metals

of standard loess reference (GBW07408) ranged from 92% to

105%. Theminimum detection limits (MDLs) for Cd, Cr, CuMn,

Ni, Zn, Pb, and As were 0.03 mg/kg, 0.4 mg/kg, 0.02 mg/kg,

0.3 mg/kg, 0.6 mg/kg, 2.0 mg/kg, 2.0 mg/kg, and 0.4 mg/kg,

respectively.

2.5 Atmospheric deposition flux

The atmospheric deposition flux was calculated as follows.

I � Q × C (1)
Q � 30 ·M

S · N (2)

where Ii represents the monthly deposition flux of the metal i,

mg/m2; Q represents the monthly deposition flux mg/m2; Ci

represents the concentration of metal i, mg/kg;M represents the

total mass of monthly atmospheric deposition sample, g; S

represents the area of collection barrel, 0.0601 m2; and N

represents number of sampling days, d.

2.6 Source apportionment

2.6.1 Enrichment factor
The enrichment factor (EF) explains the metal enrichment

degree in atmospheric deposition. A strong enrichment degree

indirectly reflects the effectiveness of accumulation of

allochthonous and autochthonous matter, and this

accumulation is often identified with anthropogenic sources

(Chen et al., 2019a). The EF value for elements in

atmospheric deposition samples was thus calculated as follows

(Hu, 2013):

EF � (Ci/Cr)sample

(Ci/Cr)baseline (3)

where Ci is the concentration of metal i in the sample, Cr is the

reference element concentration. In general, the reference

element is selected with stable content in the crust and little

anthropogenic disturbance. In this study, Al is chosen as the

reference element. EF < 5means low enrichment, which indicates

that the metal typically arises from natural processes. EF >
5 indicates that the metal is commonly from anthropogenic

activities (Chen et al., 2019b).

2.6.2 PMF
PMF was developed by Paatero and Tapper (1994) and

recommended by USEPA as a source apportionment model.

PMF bases on the uncertainty profile to weight data point by

point without source emission inventory. A dataset with n

samples and m species will be decomposed as a matrix X with

dimensions n × m when it is imported into the PMF model. The
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model decomposes the original matrix Xij into two-factor

matrices Gik and Fik and residual matrix Eij. The formula is

as follows:

Xij � ∑p

k�1(Gik × Fkj) + Eij (4)

Q � ∑n

i�1∑m

j�1(Eij

Uij
) (5)

Uij �
⎧⎪⎪⎪⎨⎪⎪⎪⎩

5
6
× MDL c ≤MDL�����������������(δ × cij)2 + (MDL)2

√
c >MDL

(6)

where Xij is the concentration of the jth heavy metal in sample i;

Gik is the contribution rate of the kth pollution source in sample i;

Fik is the eigenvalue of pollution source i to the kth heavy metal

concentration; Eij is the residual matrix; Q is the objective

function; where Uij is the is the measured uncertainty; Cij is

the concentration of the jth sample chemical type of ith sample;

and MDL is the species-specific method-detection limit.

2.6.3 UNMIX
The algorithms of UNMIX were based on non-negativity

constraints and the singular value decomposition (SVD) method,

which were used to reduce the dimension of data space identified

the number of sources (Henry, 2003). More information details

can be seen in the User Guide of UNMIX (Norris et al., 2007).

UNMIX is expressed as:

Cij � ∑p

l�1(∑p

k�1 UikDkl)Vlj + εij (7)

whereU is n × p diagonal matrix,D is p × p diagonal matrix, and

V is p × m matrix; εij is the error term that contains all the

variability in Cij but it is exclusive of the first major principal

components (p).

Considering that the element’s concentration in atmosphere

deposition were of excessive difference, which could influence the

analysis result of UNMIX. Therefore, to eliminate the influence

of the excessive difference of the heavy metal concentrations in

the atmosphere deposition, min–max normalization was

performed on the concentration data. The data had no

dimension and ranged between 0 and 1.

2.7 Heavy metal accumulation

The heavy metal concentration in the soil around each

atmospheric deposition sampling site can be seen in our

previous study (Zhang et al., 2021). Here, we propose an

assessment model to evaluate the accumulation of heavy

metals from atmospheric deposition in the soil (more details

are shown in Supplementary Material S1).

Ci, n � Ci, 0 + Ci · Q
ρ · h · (1 − f ) + Q

· R · 1 − Rn

1 − R
(8)

where Ci,n is the accumulation of heavy metal i in the soil after n

years, mg/kg; Ci,0 is the concentration of the metal i in the soil; Ci

represents the concentration of the metal i in atmosphere

deposition, mg/kg; Q is the annual atmospheric deposition

flux, kg/(m2·a); ρ is the soil bulk density, 1,200 kg/m³; n is the

accumulation time, a; h is the thickness of the topsoil, 0.2 m; f is

the soil moisture content, 15%; and R (%) is the residual rate of

the heavy metal in soil, 0.95%.

FIGURE 2
Fluxes of atmospheric deposition and heavy metals at KY,
DW, and HG.
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3 Results and discussion

3.1 Characteristic of atmospheric
deposition

3.1.1 Total atmospheric deposition fluxes
The monthly change series of the total atmospheric

deposition fluxes are shown in Figure 2. The atmospheric

deposition fluxes reached the highest value in autumn and

winter, followed by spring, and decreased to the lowest value in

summer. The annual deposition fluxes in the three sampling

sites were calculated and compared with other regions

(Table 1). The fluxes of all the three sites were higher than

Xiangtan but lower than those in Beijing, Yinchuan, and

Suzhou (Yao et al., 2017; Feng et al., 2019; Kai et al., 2020;

Li et al., 2021). However, atmospheric deposition fluxes in

Handan were much higher than Korea and the United States

(Yi et al., 2006; Lee et al., 2015). Overall, these results indicated

that the Handan had elevated atmospheric deposition fluxes.

Studies (Chen et al., 2019a; Feng et al., 2019) showed that

atmospheric deposition fluxes were influenced by seasonal

climate and weather patterns. Handan has a typical

temperate continental climate, with abundant precipitation

and high air humidity, and the urban vegetation flourishes

in summer. Atmospheric particle was not easy to deposit, while

autumn and winter have the characteristics of dry air, windy,

sparse vegetation, and atmospheric particle which are relatively

easy to sediment. So, atmospheric deposition fluxes were higher

in autumn and winter than summer. There were differences in

the atmospheric deposition flux in different functional areas.

The monthly atmospheric deposition fluxes in the three

functional areas were in the order of industrial area (6.08 g/

m2) > residential area (4.37 g/m2) > educational area (4.05 g/

m2). The atmospheric deposition fluxes in the industrial area

were 39.13% and 50.12% higher than that in the levels in the

residential area and educational area, which indicated that the

amount of atmospheric deposition was mostly influenced by

industrial activities. Particulate matter was discharged into the

atmosphere through the chimney and entered the soil in the

form of deposition, which maybe caused the large atmospheric

deposition in this industrial area. The similar trend was also

found in numerous Chinese studies. Chen et al. (2019b) studied

the spatial and temporal variations of atmospheric deposition

flux in the Lihe River watershed, the results showed that the

annual total depositions for the four different land-use types

followed the order: urban > suburban > rural > woodland,

because urban areas have well-developed transportation and

industrial activities. Yang et al. (2017) found that the annual

deposition fluxes in different functional areas in Xi’an city were

in the order: industrial > commercial area > residential area >
cultural educational area > tourist areas.

3.1.2 Concentration of metals
The average concentrations of 10 metals in atmospheric

deposition in 3 sampling sites over a 2-year period decreased

in the following order: Fe (7.61 g/kg)>Al (3.53 g/kg) > Mn

(1,259.09 mg/kg) > Zn (1,104.95 mg/kg) > Pb

(223.97 mg/kg) > Cr (137.57 mg/kg) > Cu (107.35 mg/kg) >
Ni (72.14 mg/kg) > As (39.51 mg/kg) > Cd (6.73 mg/kg).

More detailed data of metal concentrations among these

3 sites can be seen in Supplementary Table S1. In addition to

the Al, the concentration of the other nine metals exceeded the

background value. The average concentration of Cd, Pb, and Zn

in atmospheric deposition exceeded the soil background values of

the Hebei Province by119.35, 10.92, and 14.37 times, respectively.

These results indicated that human activities such as industries

and traffic in urban area had strong effects in the concentration of

heavy metals in atmospheric deposition. The time series of heavy

metal concentration in atmospheric deposition are shown in

Supplementary Figure S1. Concentration levels were higher in

winter (Dec, Jan, and Feb) and spring (Mar, Apr, and May) than

that in summer (Jun, Jul, and Aug) and autumn (Sep, Oct, and

Nov). The prevailing wind direction in Handan is westerly and

northwesterly in the winter. Handan lies on the east side of the

Taihang Mountain and pollutants were difficult to diffuse by the

hindrance.

TABLE 1 Atmospheric particle mass dry-deposition fluxes within and outside China (t km−2·a−1).

City Study period Value Reference

Handan (KY), China 2018–2019 48.6 This study

Handan (DW), China 2018–2019 52.44 This study

Handan (HG), China 2018–2019 73.96 This study

Xiangtan, China 2016–2018 30.63 Feng et al. (2019)

Beijing, China 2014 84 Yao et al. (2017)

Yinchuan, China 2019–2020 10.2–195.6 Kai et al. (2020)

Suzhou, China 2016–2018 95.7 Li et al. (2021)

Daejeon, Korea 2007 12.6 Lee et al. (2015)

New Jersey, the United States 2001–2002 23 Yi et al. (2006)
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Heavy metal concentrations were also different among the

functional areas; the industrial area contained the highest

concentrations of Cd, Cr, Cu, Mn, Pb, and As, while the

residential area had the highest concentrations of Ni and Zn,

whereas the educational area exhibited the lowest average heavy

metal concentrations. For heavy metals in atmospheric

depositions, industrial emissions were the major source,

followed by vehicle emissions and coal burning in China.

There are many smelters, machinery factories, and coking

plants in the industrial area, and heavy transportation, which

may cause the high concentration of heavy metals in atmospheric

deposition.

3.1.3 Heavy metal fluxes in atmospheric
deposition

The monthly heavy metal atmospheric deposition fluxes in

three sampling sites are shown in Table 1 that heavy metal

atmospheric deposition fluxes are in the order of Mn > Zn > Pb >
Cr > Cu > Ni > As > Cd, which was consistent with previous

studies (Hou et al., 2014; Chen et al., 2019a). The deposition

fluxes of Mn and Zn were larger than other heavy metals,

accounting for 48.98% and 33.11% of the total fluxes,

respectively. All the eight kinds of heavy metal deposition

fluxes in industrial areas were significantly higher than in

living and educational areas, which exceeded the sum of

deposition fluxes from KY and DW sampling sites. The effect

of multiple pollution sources was particularly obvious in the

industrial area in Handan. As a typical heavily polluted city in the

North China plain, high elevated atmospheric deposition of Cd

and Cr should be notable.

Although there were some differences in the fluxes of heavy

metals among the three sites, the temporal distributions

remained consistent. During the study period, the heavy metal

fluxes in winter accounted for 37.69–62.88% (54.25% on average)

of the annual amount. Chen et al. (2019b) and Feng et al. (2019)

conducted studies that showed that atmospheric deposition

fluxes were affected by seasonal climates and weather patterns

(Chen et al., 2019a; Feng et al., 2019). Due to the temperate

continental climate in Handan, abundant precipitation, high air

humidity, and the flourishing urban vegetation in summer and

autumn, the atmospheric deposition is not easy to blow up.While

spring and winter have characteristics with dry air, windy, and

sparse vegetation, the atmospheric deposition easily rises with the

wind. Thus, atmospheric sedimentation fluxes are higher in

spring and winter relative to summer and autumn.

3.1.4 Enrichment factors
Identifying the enrichment of heavy metals in atmospheric

deposition could provide assistant information to

anthropogenic sources. The greater the enrichment factors,

the greater the degree of heavy metal enrichment. As

presented in Figure 3, The nine studied heavy metals had

average enrichment factors greater than 5, and the

enrichment factors of Cd, Cu, Pb, Zn, and As were greater

than 10, which indicated that the study area was impacted by

anthropogenic activities. EF values for Cd were the highest

(mean 398.33), which could be considered as a very severe

enrichment. Cd was severely influenced by anthropogenic

activities. EF values of Zn, Pb, Cu, and As were 54.19, 43.41,

22.10, and 11.74, respectively. Hence, these heavy metals were

classified as severe enrichment. The mean EF values for Cr, Mn,

and Ni were less than 10. It should be mentioned that the EF

value of Cr in the industrial area was distinct when compared

with the other two areas (Figure 3), this indicated that the iron

and steel smelting activities imposed an environmental burden.

We have found that the enrichment factors for different

functional areas were quite different. The characteristics of

enrichment factors were basically similar with the deposition

fluxes. The enrichment factors of heavy metals in the industrial

area were significantly larger than those of other functional areas.

Chen et al. (2019a) also found that the mean EF of Cd in

atmospheric deposition in the Taihu region was over

190 associated with industrial activities. The EF values of Cd

in atmospheric deposition in Beijing were >32 (Guo et al., 2018),
which were classified as re-suspended dust.

3.2 Source apportionment of PMF and
UNMIX

3.2.1 Source identification
The PMF model calculates the signal-to-noise ratio (S/N)

based on the concentration and uncertainty of the species. The

S/N of metals data after initial loading was greater than 2, defined

as strong. The factor numbers of the metals were debugged many

times and were determined as five factors. The fitting coefficient

of the observed/estimated concentration of the species was

FIGURE 3
Enrichment factors of metals in atmospheric deposition.
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greater than 0.5. The difference between the Q value and the

theoretical Q value was less than 10% and the residual values

were between −3 and 3. The values of applicability diagnostic

indicators for UNMIX (R2 = 0.80, S/N = 2.46) conformed to the

user guides of UNMIX. No species was suggested and the four

sources were analyzed by UNMIX. The source component results

of metals from PMF and UNMIX are shown in Figure 4.

Factor 1 of PMF was strongly concentration-loaded with Pb,

Zn, and As, which was significantly correlated with Source 3

(mainly Cu, Pb, Zn, and As) of UNMIX. Pb is an important heavy

metal by the discharge of civil coal-combustion emissions and the

combustion of fossil fuels (Ge et al., 2014; Cui et al., 2019). Zn was

typical component of industrial and incinerator emissions

(Tunno et al., 2015), as was the heavy metal characteristic of

coal burning. Handan distributed a large number of coal-fired

enterprises such as thermal power plants, smelters, and coke

enterprises. Heating in winter and combustion of scattered coal

in rural areas were also a contributor to the source. Therefore, the

FIGURE 4
Source composition by PMF and UNMIX: (A) the source composition by PMF; (B) the source composition by UNMIX.
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factor 1 of PMF and source 3 of UNMIX were considered as the

combustion of fossil fuels (coal and oil) (CF).

Factor 2 of PMF had a significant correlation with source 2 of

UNMIX, and the high-concentration loading were Fe, Cd, and

Mn. Combined with the flux analysis and enrichment factors, the

high Fe loading may point to the steel smelting process. Hansteel

located in Handan produced 4.124 million tons of coarse steel,

accounting for 17.4% of production in Hebei and 4.5% of the

total national production in 2018, which was equivalent to the

eighth largest steel-producing country in the world. Lu et al.

(2006) analyzed the heavy metal sources in atmospheric

particulates in Wuhan which showed that smelting and steel

production were the main sources of Cd in industrial areas. Mn is

easily enriched during iron ore formation due to a similar atomic

radius, chemical morphology, and the same group as Fe (Xu and

Tao, 2004). So, factor 2 of PMF and source 2 of UNMIX can be

identified as steel smelting emission (SS).

Factor 3 of PMF was high-concentration loading with Al, and

it correlated with source 1 of UNMIX, which can be identified as

road dust. A previous study demonstrated that metals in road

dust could come from different sources, such as fuel-combustion

products, tire wear products, brake lining, road-building

materials, crustal particles, etc. (Mijić et al., 2010). The

physicochemical properties of Al are stable, meanwhile, the

mean and median concentrations of Al in atmosphere

deposition in the studied region do not exceed the

corresponding soil background values in the Hebei province.

The high concentration loading of Al can mainly arise from

natural sources such as dust from local soils and pavement

erosion (Ramírez et al., 2019; Mohammad et al., 2022). Al was

one of the main crustal elements, whichmay have been present in

dust re-suspended by traffic (Balachandran et al., 2000; Sharma

et al., 2020; Jain et al., 2021). At the same time, with the urban

expansion and internal construction, there were large areas of

construction sites and bare land surfaces in the city; this was also

an important source of dust. Consequently, we can argue that

factor 3 of PMF and source 1of UNMIX were road dust (RD).

Factor 4 of PMF mainly loaded with Cu had no correlation

with any source of UNMIX. Studies have indicated that the main

source of particulate matter-bound Cu released into the

atmosphere is from petrochemical, machining, and

combustion of heavy oil (Sharma et al., 2016; Cai et al., 2019;

Guan et al., 2019). The next probably atmospheric Cu source was

coal combustion (Wang et al., 2019a; Yang et al., 2020).

Meanwhile, Cu is used as tracers of the brakes of motor

vehicles. Considering the high enrichment factor and

atmospheric flux of Cu in the industrial area, therefore, the

factor 4 of PMF might relate with heavy oil combustion and

traffic emission (called mixed source, MS).

Factor 5 of PMF and Source four were characterized by the

high concentration loading of Cd, Cr, Ni, and Zn. These metals

were typical industrial-emission elements. Cd had the highest

enrichment factor, which indicated that it was affected by

extremely severe human activities (Rai et al., 2020; Rabha et al.,

2022). At the same time, relevant studies have shown that metal

processing and the chemical industry were an important

contributor for Cd (Qing et al., 2007; Yang et al., 2016;

Othman et al., 2019; Wu et al., 2021). The deposition fluxes of

Cd and Cr in the industrial area were much higher than the other

two functional areas, therefore, factor 5 of PMF and source four of

UNMIX can be identified as industrial sources (IS).

Source proportion of different sources by PMF and UNMIX

were shown in Figure 5. Road dust and industrial source

identified by PMF and UNMIX were the main sources, which

accounted for 41.29% and 40.22% (PMF), 31.17% and 30.22%

(UNMIX), respectively (Figure 5). The steel smelting emission

was the region’s pillar industry, which resulted in substantial

fossil fuel combustion and the emission contained heavy metals.

Vehicles driving in and out of the site were important sources of

road-dust re-suspension. The PMF analysis identified one

additional source, mixed source (dominated by Cu), which

was not quantified by UNMIX. The differences are caused by

the different theoretical procedures for source recognition

employed by the receptor models, which mainly arises from a

model’s constraints when selecting species for the designated

variables observed.

3.2.2 Comparison of PMF and UNMIX
PMF and UNMIX had been proven to be useful and common

receptor models for heavy metal source apportionment. In order

to better understand the sources of heavy metals in atmospheric

deposition, the results of the 2 receptor models were compared

and assessed.

This study will provide more comprehensive information of

heavy metal sources in the atmospheric deposition of a heavy

industrial city. It is generally believed that the following

conditions must be fully considered when comparing different

models: the numbers and characteristics of identified sources, the

contribution of each source to heavy metals, and the fitting

degree between the measured and estimated values of the

heavy metal concentration.

FIGURE 5
Source proportion of different sources by PMF and UNMIX:
(A) the proportion of different sources by PMF; (B) the proportion
of different sources by UNMIX.

Frontiers in Environmental Science frontiersin.org09

Cai et al. 10.3389/fenvs.2022.950288

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.950288


From the perspective of source identification, the source

apportionment results of PMF and UNMIX were generally

consistent in this study, both of them identified the

combustion of fossil fuel, road dust, mixed source, and

industrial source. In addition, PMF subdivided low-

concentration metals such as Cu, Pb, Zn, and As to the

combustion of fossil fuels and mixed source. UNMIX

identified only four sources due to the UNMIX solution is

greatly reliant on the selected species. UNMIX adds the

contribution of the high-recognized source to compensate the

low during operation, which is a relatively coarse means of down-

weighting outliers. On the other hand, PMF tends to estimate the

data error by weighting the uncertainty data of point-by-point

least squares minimization scheme and retains as many species as

possible to achieve a more accurate prediction effect. This is

similar to previously published research studies (Jain et al., 2017;

Guan et al., 2019; Jain et al., 2021).

The fitting degree of PMF and UNMIX is shown in Table 2.

In general, the ratio of fitted values to measured values is

distributed at about 1, indicating that the receptor model of

species demonstrates a suitable predication performance. PMF

and UNMIX models fitted the data well with r2 ranging from

0.63 to 0.99 (Table 1). PMF was better predicted by heavy metals

with an agreement between predicted averagely and mean r2 =

0.89. The average E/M by PMF of all species was bigger than that

of UNMIX, which demonstrates that PMF is more effective at

identifying individuals. Overall, the applicability of PMF and

UNMIX in source apportionment of heavymetals in atmospheric

deposition was proved. PMF had better diagnostic accuracy in

this study, which maximally retains the missing heavy metal data

and below detection-limit values. Furthermore, PMF considers

data uncertainty in its assessment of the quality and reliability of

each data point. In this study, the concentrations of Cu were low,

and the concentrations of Al and Fe were the highest, thus, of the

twomodels, UNMIX had the highest steel-smelting emission and

road dust-related contribution. Considering that the difference

between the two models may be due to different algorithms,

multiple models should be used to identified the pollutant

sources in future research.

3.3 Accumulation in the soil

The input of heavy metal elements from atmospheric

deposition into the soil would increase the content of heavy

metals, because of the average concentrations of 8 heavy metals in

atmospheric deposition is higher than the soil background value.

We predicted the changes of heavy metal concentration in the

soil in 30 years, which are shown in Figure 6A. Compared with

the current concentration in the soil, the relative increase

concentration of total heavy metals in the soil will increase

1.30% (KY), 1.73% (DW), and 2.33% (HG) after 30 years. The

accumulation in HG was significantly higher than the other site,

which indicted that industry and related activities in the

industrial area caused pollution that is potentially

accumulated in the soil. It is worth mentioning that the

relative increased concentration of Cd was 97.59% (KY),

82.54% (DW), and 137.49% (HG) after 30 years (Figure 6B).

The average Cd concentration in atmospheric deposition in the

3 sampling sites was 5 mg/kg, which was much higher than the

current concentration in the soil. The annual atmospheric

deposition fluxes of Cd ranged from 0.02 mg/m2 to 0.06 mg/

m2 in the urban area of Handan. According to the specification of

land quality geochemical assessment (DZ/T 0295-2016), when

the annual Cd input is less than 3 mg/m2, the impact of

atmospheric deposition on the soil environment quality can

be ignored. However, the Cd concentration in atmospheric

deposition which was much beyond the soil background value

TABLE 2 Comparison of the fitting degree of PMF and UNMIX.

Metals Measured (mg/kg) PMF UNMIX

Estimated (mg/kg) r2 E/M Estimated (mg/kg) r2 E/M

Al 35378.31 35378.31 1 1 31641.98 0.80 0.89

Fe 76086.62 76086.62 1 1 75258.66 0.96 0.99

Cd 6.74 6.23 0.75 0.92 7.29 0.89 1.08

Cr 137.58 137.18 0.99 0.98 133.22 0.89 0.97

Cu 107.36 88.52 0.88 0.82 82.72 0.66 0.77

Mn 1259.10 1259.06 0.99 1.00 1,097.05 0.89 0.87

Ni 72.14 73.36 0.82 1.02 77.02 0.84 1.07

Pb 223.97 221.63 0.94 0.99 222.45 0.97 0.99

Zn 1104.95 1082.02 0.85 0.98 888.77 0.72 0.80

As 39.50 38.01 0.63 0.96 24.69 0.65 0.63

Average 0.89 0.97 0.83 0.91
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should be concerned in a long time. So, the city administration

should take measures to release the heavy metal pollution and

protect the urban environment.

3.4 Uncertainty and limitation

There are some limitations to this study that must be

mentioned. For the estimated accumulation of heavy metals

to the soil, results were based on the existing concentration level

of heavy metals in atmospheric deposition. It must be

mentioned that, with the implementation of measures such

as reducing industrial emissions, we believe that the

concentration level of heavy metals in atmospheric dust will

decrease in the future. Hence, the actual accumulation would be

overestimated. On the other hand, the basis of predictive

accumulation model was the balance between inputs of soil-

heavy metals and natural leaching migration. The input and

output of heavy metals in the soil was dynamically changed in

the actual environmental chemical process, this method may

cause uncertainty and limitation into the source

apportionment. Despite some limitations, our studies still

supplied valuable information of the pollution level and

accumulation for heavy metals in atmospheric deposition,

which could provide some scientific information for regional

atmospheric quality protection.

4 Conclusion

Based on a total of 72 atmospheric deposition samples

collected from 3 sampling sites during 2 years in the Handan,

fluxes, pollution characteristics, source apportionment, and

accumulation of heavy metals were investigated. The

atmospheric deposition fluxes of 8 heavy metals in the

industrial area were higher than those of other functional

areas. A total of five factors were analyzed by PMF and four

sources were identified by UNMIX. The common results were

combustion of fossil fuels, steel-smelting emission, road dust, and

industrial sources. Steel-smelting emission and road dust

accounted for a large proportion. Both PMF and UNMIX

identified the heavy metal concentrations of atmospheric

deposition with relative accuracy and their results were

generally consistent. The total concentration of 8 heavy metals

in the soil would increase slowly according to the predicting

model. However, the concentration of Cd increased obviously

due to its concentration in atmospheric deposition being much

higher than that in the soil.
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