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Abstract

:

The aim of this study was to identify particulate matter (PM) sources and to evaluate their contributions to PM in the snowpack of three East Siberian cities. That was the first time when the PM accumulated in the snowpack during the winter was used as the object for source apportionment study in urban environment. The use of long-term integrated PM samples allowed to exclude the influence of short-term weather conditions and anthropogenic activities on PM chemistry. To ascertain the real number of PM sources and their contributions to air pollution the results of source apportionment using positive matrix factorization model (PMF) were for the first time compared to the results obtained using end-member mixing analysis (EMMA). It was found that Si, Fe and Ca were the tracers of aluminosilicates, non-exhaust traffic emissions and concrete deterioration respectively. Aluminum was found to be the tracer of both fossil fuel combustion and aluminum production. The results obtained using EMMA were in good agreement with those obtained using PMF. However, in some cases, the non-point sources identified using PMF were the combinations of two single non-point sources identified using EMMA, whereas the non-point sources identified using EMMA were split by PMF into two single non-point sources. The point sources were clearly identified using both techniques.
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1. Introduction


The associations between air pollution with particulate matter (PM) and adverse human health effects have been well documented [1,2]. Deposition of anthropogenic particulate matter on soil, vegetation and especially on impervious surfaces causes the pollution of surface waters that affects the terrestrial and aquatic organisms [3,4,5,6]. The latter is especially important for urban areas in Lake Baikal watershed characterized by a long cold winter, resulting in accumulation of large amounts of pollutants in urban snowpack [7,8] and their explosive release into watercourses during the snowmelt period [9,10,11]. To reduce the pollution load on both terrestrial and aquatic ecosystems, the pollution sources should be identified. The most problem of identification of pollutant sources is the lack or absence of emission composition data called source profiles [12]. Without data on source profiles, the source identification is somewhat speculative, because the essence of identification is to compare the ratios of pollutant concentrations in the source emission called source tracers with those in some environmental compartment. The lack of the data on source profiles is particularly important for the Lake Baikal area. For this reason, the overwhelming number of studies devoted to identification of pollutant sources in this area was based on backward trajectories modeling [13,14]. The only profiles of polycyclic aromatic hydrocarbons (PAHs) from several source types are available in the Lake Baikal watershed [15,16,17].



To avoid difficulties concerned with obtaining the source profiles, the multivariate data analysis methods such as principal component analysis [18,19], cluster analysis [20,21], and factor analysis [18,22] are used for source identification and apportionment. Multivariate methods do not require source profiles. They use an orthogonal transformation to convert a set of observations of possibly correlated variables (tracers) into a set of values of linearly uncorrelated variables called principal components or factors. Each factor is assumed to represent a source [23,24,25,26,27], characterized by a certain group of chemicals (source profile).



The most widely used multivariate data analysis method is positive matrix factorization (PMF) [28]. PMF allows to obtain source profiles and to evaluate source contributions to pollution. The selection of chemical species that are used as source tracers is crucial for source apportionment using PMF. According to European guide on air pollution source apportionment with receptor models [29] the chemical species to include in the analysis should be selected according to the study objectives, the site characteristics and expected sources, considering the available human, technical and financial resources. Alternatively, the set of tracers should consist of chemical species that represents most of the particulate mass such as water-soluble salts, insoluble particulates, organic matter constitutes plus a number of elements whose absolute and relative concentrations or specific ratios are used to identify sources [29]. To meet these criteria, many different chemical analyses should be performed; therefore, the species characterized by similar chemical properties are usually used as tracers for simplicity. These can be major ions [30,31], organic substances [32,33,34,35], metals [36,37] or contributions of different PM fractions to total PM mass [38]. However, regardless of the merits of PMF, the results obtained using this model may be misleading because the reconstructed source profiles may be combinations of several real source profiles, or may not exist at all [39,40]. One more difficulty with using PMF is the need for comprehensive information on PM composition: The greater the input data the higher the consistency between the real and modelled source profiles and source contributions to pollution [41]. Traditionally, the time-series and spatial data on chemical composition of PM are used for source apportionment. Thus, the most common way to improve the data quality is to increase the temporal [36,42,43] or spatial [44,45] resolution of PM sampling. In recent times, the online measurement of aerosol composition using high-resolution time-of-flight aerosol mass spectrometers is used to obtain high-quality input data for PMF [46,47].



The aim of this study was to apportion sources of PM deposited in the snowpack using the PMF model. To validate the source profiles obtained using PMF, they were compared to chemical composition of natural and anthropogenic materials characteristic for this area. To validate the source contributions to snow PM, the end-member mixing analysis (EMMA) previously used in hydrological studies [48,49] was applied. The essence of method is to determine the dimensionality of air/snow quality data using small number of conservative source tracers.




2. Materials and Methods


2.1. Study Area


The study was conducted in three Southeastern Siberian cities, namely Irkutsk, Shelekhov and Slyudyanka, located near the Lake Baikal (Figure 1) in 2018–2020. The study area is characterized by long, cold winters lasting 4–5 months (November–February). During this time, the Siberian anticyclone stops Atlantic and East Asian air from advancing into Eastern Siberia, leading to prolonged frosts and fair weather in the Lake Baikal area. The mean winter air temperatures are about −15 to −20 degrees Celsius (°C).



Irkutsk is an administrative center of Irkutsk Region and home to almost 700,000 people, whereas Shelekhov and Slyudyanka are much less densely populated cities (50,000 and 19,000 people respectively). There are numerous anthropogenic sources, such as traffic emissions, oil-fired and coal-fired central and residential heating boilers, wood stoves, cement and asphalt plants, woodworking plants, etc., located in each city. The industrial emission sources such as aluminum plant, cable factory, silica manufacturing plant, etc. are located only in Shelekhov city. There are no industrial sources in Irkutsk city; however, it is situated downwind from the large Angarsk petroleum refinery, thus the snow pollution due to refinery operations and stationary fuel combustion is also possible. Slyudyanka city, located on the southeastern shore of lake Baikal, was characterized by the lowest level of economic activity among the studied cities.




2.2. Sampling and Chemical Determinations


Snowpack was used as the study object because it is a unique natural archive of particles deposited from the atmosphere [50], which provides the time-weighted information on aerosol composition and abundance of anthropogenic PM sources without using expensive up-to-date equipment. The use of PM deposited in the snowpack instead of PM dispersed in air allows for the exclusion of the influence of short-term weather conditions and anthropogenic activities on PM chemistry in whiner. The snow was sampled in February before the snowmelt. The height of the snowpack varied from about 30 cm to almost 1.5 m. Snow samples were collected over the whole depth of the snow layer. The weight of snow samples varied from 0.5 to 1.5 kg. Two hundred and ten samples were collected in total at three sites during three years: Seventy five samples in Irkutsk, 75 samples in Shelekhov and 60 samples in Slyudyanka. Snow samples were stored in plastic bags in refrigerator at negative temperatures prior to analysis. The melt water was filtered through 47 mm Whatman® nitrocellulose membrane filters with pore size of 0.45 μm. To avoid misleading conclusions on composition of PM deposited in snow, the concentrations of elements that form soluble salts (N, Cl, P, S) were not measured because soluble PM may dissolve during snow melting procedure.



After meltwater filtration, filters containing insoluble particulate matter were dried. The weight of dry PM samples varied from 0.002 to 0.03 g. The average weight of samples collected in Slyudyanka (0.017 g) were higher than the average weight of samples collected in Irkutsk (0.007 g) and Shelekhov (0.009 g). The differences in weight of dry samples among the cities were conditioned by the differences in amounts of snow. To compare the levels of air pollution in the three cities, the element contents in dry samples were normalized to precipitation amounts and presented as element mass per unit of snow meltwater volume. The dry samples were than subjected to microwave-assisted digestion prior to analysis. A closed-vessel microwave-assisted reaction system was used. Particle samples in filters were placed into the Teflon digestion vessels. Seven milliliters of HNO3, 2 mL HCl and 1 mL HF were added to each vessel, immersing the sample [51]. The vessels were closed and heated in the microwave oven following a three-step digestion program. The digestate was cooled and then diluted to 100 mL.



The concentrations of Si, Al, Fe, Ca, K, Mn, Cr, Ti, Ni, Cu, Zn, Sr and Pb in digestate were measured using an Agilent 7500 inductively coupled plasma mass spectrometer (ICP-MS). All samples were spiked with internal standards to control the quality of measurement. The mass spectrometer was calibrated at seven concentration levels (0.2, 0.5, 1, 2, 5, 10, and 20 µg/L) prior to analysis. The multi-element standard solutions ICP-MS68A-A and ICP-MS-68A-B were used for calibration. Detection limits varied from 0.03 (for Ni and V) to 0.2 µg/L (for Al and Fe). Measurement precision was in the range 2% to 7% and measurement accuracy was in the range 2.7% to 13.4%.




2.3. Data Processing


The source apportionment analysis was carried out by means of the PMF 5 software package using data on chemical composition of snow particulate matter as input. PMF model decomposes a matrix of chemical composition dataset into two matrices describing as factor profiles and factor contributions [36]:


X = G · F + E,








where X is the matrix of the chemical species concentrations in samples, G is a matrix of the contribution to the samples of sources, F is a matrix of source profiles and E is the matrix of the residuals, which are the difference between the measured concentrations (X) and the values reconstructed from the model (G × F).



The mass conservation between the species concentrations in object of study and source emissions can also be written in index notation:


   χ  i j   =   ∑   k = 1  p   g  i k    f  k j   +  e  i j   ,  








where    χ  i j     is the concentration of species   j   measured in sample   i ,   p   is the number of factors contributing to the samples,    f  k j     is the concentration of species   j   in factor profile   k  ,    g  i k     is the relative contribution of factor   k   to sample   i   and   e  i j    is error of the PMF model for the species   j   measured in sample   i  .



The main aim of PMF is to minimize the sum of squares of standardized residuals or Q: The lower the Q the lower the discrepancy between measured and reconstructed concentrations of chemical species. Determination of the uncertainty for each of the measured data is the pre-requisite for the application of PMF. Uncertainties associated with measured chemical species were determined by adding the values of one-third of detection limit (DL) to the measured analytical uncertainty [29]. Concentrations of all the measured elements were much higher than DLs in datasets from all three sites. An extra 10% modeling uncertainty was introduced to account for other possible errors not considered in the uncertainty assessment [43]. Three-years pooled datasets from three sites were analyzed independently, as the sources affecting those sites were expected to be different to some extent. Two to seven factors were severally run to determine the appropriate number of source factors. The final number of factors was decided on the base of their physical interpretability [52]. To improve the obtained solutions the model parameter called Fpeak was applied. Fpeak controls the rotation in PMF by adding and/or subtracting the rows and columns of F and G matrices from each other depending on the sign of the Fpeak value. Positive Fpeak values sharpen the F-matrix and smear the G-matrix; negative Fpeak values smear the F-matrix and sharpen the G-matrix.



Unfortunately, there are no clear rules to determine the number of factors that should be retained in PMF analysis, as well as there is no possibility to compare the source profiles reconstructed by PMF with the real ones. Therefore, the possible sources were also identified using the end-member mixing approach [48]. The identification procedure was based on plotting the samples on mixing diagram using the values of source tracers as co-ordinates. The chemical species concentration ratios were used as tracers, because the element concentrations in source exhaust and snow have different units of measurement. The chemical species used for calculating the tracer ratios had to meet three criteria: (1) Species had to be uncorrelated or negatively correlated with the other species, because positively correlated species have a common source [48]; (2) species had to be characterized by high concentrations in urban snowpack; (3) tracers had to exhibit marked differences in concentrations across the different sources. Sample points characterized by extreme coordinate values (that still fall within 1.5 times the interquartile range of data along the axes) were considered as candidates for PM sources [49,53,54]. The chemical composition of such samples was assumed to originate from one type of anthropogenic waste. The rule used to choose the right candidate samples which are most suitable as the sources was to determine whether most samples could be tightly bound by a tetrahedron whose vertices are sources. One more EMMA rule was that the number of sources was one more than the number of tracers.





3. Results and Discussion


3.1. Chemical Composition of Particulate Matter


Thirteen elements (Al, Si, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn, Sr, Pb), of which concentrations were higher than detection limits in most of the particulate matter samples, were selected as candidate tracers for source identification. The highest concentrations of most of the measured elements were observed in Irkutsk city and the lowest concentrations were observed in Shelekhov city (Table 1).



The high level of snow pollution in Irkutsk was undoubtedly conditioned by its high population density, which is one order of magnitude higher than in Shelekhov. Silicon was the most abundant pollutant in Irkutsk city snowpack. The highest concentrations of heavy metals such as Ti, Cr, Mn, Fe, Ni and Zn were also observed in Irkutsk.



The low level of snow pollution in Shelekhov city was due to both low population density and city location upwind of the industrial zone. Nevertheless, the influence of industrial sources in Shelekhov city was clearly apparent in high concentrations of Al and Pb in airborne PM.



The elemental composition of PM in snowpack of Slyudyanka city was characterized by distinctly different levels of different pollutants. That was probably due to local meteorological conditions. Slyudyanka is located away from regional northwest air mass transfer (from Angara River valley towards to Selenga River delta) and surrounded by mountains that favors the prevalence of local and circum-Baikal winds transporting pollutants from one costal area to another [40]. The average concentrations of Ca, Ti, Cu, Sr in Slyudyanka were highest, whereas the concentrations of Si, Ni, Zn, Pb were lowest among the three cities studied.




3.2. Identification of Pollution Sources and Their Tracers Using Correlation Analysis and End-Member Mixing Approach


As it is clear from Table 2, there are six chemical species (Al, Si, Fe, Ca, Ni and Zn) that do not correlate with each other and with most of the other elements, thus are applicable for source apportionment (Table 2). Aluminum, silicon, iron and calcium were also characterized by high concentrations in snow particulate matter and thus could be used for calculating the tracer ratios of predominant pollution sources. The absence of correlation between Al, Si, Fe, Ca and the trace elements is probably due to the fact that elements most abundant in Earth’s crust are characterized by distinctly different proportions in natural and anthropogenic particulate matter, whereas concentrations of trace elements in emissions from different sources are similar. To identify PM sources and their tracers, all possible mixing diagrams that use ratios of Al, Si, Fe and Ca concentrations as coordinates were generated. Concentrations of Si, Fe and Ca normalized to concentration of Al, as well as concentrations of Al, Fe and Ca normalized to concentration of Si were finally chosen as tracers of emission sources, because the use of these tracers allowed to bound the most of PM samples by a tetrahedron whose vertices are sources (Figure 2 and Figure 3).



The particulate matter characterized by highest Ca/Al and Ca/Si ratios in Irkutsk and Shelekhov cities (Table 3) was probably originated from concrete deterioration (weathering and sanding) because building materials are the most probable Ca sources in urban environments [55]. It is known that the concentration of Ca in Portland cement is up to 40% [56]. The Ca/Al and Ca/Si ratios in particulates from Slyudyanka city were one order of magnitude higher than those in PM from Irkutsk and Shelekhov cities. That probably indicated a different Ca source, such as marble wastes stored in the Pereval marble quarry and its surroundings [57].



The particulate matter characterized by highest Fe/Al and Fe/Si ratios was probably originated from non-exhaust traffic emissions generated as a result of wearing down of car brakes, clutches, tires and road surfaces [58,59]. Diesel exhausts may also be the source of Fe; however, the Fe concentration in diesel soot [60,61] is much lower than Fe concentration in brake linings [59]. Additionally, particles resulted from wearing down car brakes and clutches are much heavier than submicron and ultrafine metal-bearing soot particles typical for emission from diesel engines. Thus, non-exhaust traffic emissions should be the primary PM source in an urban environment, whereas the traffic exhaust should be the secondary one. The high Fe/Al and Fe/Si ratios observed in Slyudyanka were partly due to non-exhaust emissions of rail vehicles, because the city is stretched along the Trans-Siberian Railway.



The highest Si/Al and the lowest Al/Si ratios are typical for natural aluminosilicates, like sand applied on snow- and ice-covered roads to increase friction and improve road safety.



The excavation and construction activities could be the minor Si sources in winter.



The lowest Ca/Al, Fe/Al, Si/Al ratios and the highest Al/Si ratios in snow PM observed in Shelekhov city (Table 3) were definitely due to enrichment of PM with Al-bearing particles originated from emission of aluminum smelter [62,63]. Al-bearing particulates could pass through the scrubbers of aluminum plant due to equipment ageing or malfunction. One more possible source of Al could be the vaporization of sodium tetrafluoroaluminate at aluminum plant, its release into the atmosphere and subsequent deposition onto atmospheric particles [64,65].



The lowest Ca/Al, Fe/Al, Si/Al ratios and highest Al/Si ratios in snow PM observed in Irkutsk and Slyudyanka cities were due to fossil fuel combustion [40]. The values of Si/Al and Al/Si ratios typical for fuel combustion were several times higher and lower than Si/Al and Al/Si values typical for aluminum production, respectively.




3.3. Source Apportionment of Particulate Matter Using End-Member Mixing Approach


The presence of three tracers (Si/Al, Fe/Al, Ca/Al or Al/Si, Fe/Si, Ca/Si) determines the existence of four pollution sources. The contributions of PM sources were calculated using simultaneous equations:


           f 1    +    f 2    +    f  3       +    f 4  = 1        T 1 1  ·  f 1  +  T 2 1  ·  f 2  +  T 3 1  ·  f 3  +    T 4 1  ·  f 4  =  T  mix  1         T 1 2  ·  f 1  +  T 2 2  ·  f 2  +  T 3 2  ·  f 3  +    T 4 2  ·  f 4  =  T  mix  2         T 1 3  ·  f 1  +  T 2 3  ·  f 2  +  T 3 3  ·  f 3  +    T 4 3  ·  f 4  =  T  mix  3         








where T is a tracer and  f  is the contribution of a specified source. Superscripts denote the tracer number, subscripts denote the source (concrete deterioration, non-exhaust traffic emission, silicates etc.) number, and the subscript mix denotes mixture or snow.



3.3.1. Differences in Source Contributions Resulting from the Use of Al-Normalized and Si-Normalized Tracer Ratios


The source contributions obtained using two sets of tracers were different (Table 4). The greatest differences between contributions of respective sources calculated using element concentrations normalized to Al (Figure 2) and those normalized to Si (Figure 3) were observed for Shelekhov city. Probably, the normalization of concentrations of tracer elements to aluminum obscured the real proportions among the Ca, Fe and Si in particulate matter because aluminum is definitely pollutant in that area.



The contributions of respective PM sources calculated for Irkutsk city using Al-tracers (Figure 2a) and Si-tracers (Figure 3a) were quite similar. That was due to similar Ca:Fe:Al and Ca:Fe:Si proportions in most part of particulate matter samples. Similar proportions of chemical species resulted in similar positions of sample points relative to PM sources in Figure 2a and Figure 3a.



In Slyudyanka the contributions of marble mining and non-exhaust traffic emission calculated using Al-normalized tracers were similar to contributions of respective sources calculated using Si-normalized tracers. However, the contributions of aluminosilicates and fossil fuel combustion calculated using Al-tracers were different from contributions of respective sources calculated using Si-tracers. This difference was simply due to different sample points in Figure 2c and Figure 3c used as fossil fuel combustion sources. The results of calculations using both sets of tracers could be true because higher contribution of fossil fuel combustion with respect to aluminosilicates can be explained by high proportion of private residences, and the higher contribution of aluminosilicates can be explained by the presence of abandoned mica quarry.



Since the Si is the most abundant naturally-occurring element in the Earth crust (after O), the source contributions obtained using Si-normalized concentrations of Al, Fe and Ca as tracers seem more correct. One more reason supporting this point of view is that the aluminum is definitely the pollutant in Shelekhov city.




3.3.2. Differences in Contributions of Sources Common for All the Three Cities


Since it had been established that Si-normalized element concentrations are more suitable tracers than Al-normalized ones only the source contributions obtained using Si-tracers are discussed below. The contributions of sources common for all the three cities such as non-exhaust traffic emission and aluminosilicates increase in row Irkutsk-Shelekhov-Slyudyanka. The increase in contribution of non-exhaust emissions was due to decrease in use of public transportation and increase in use of personal vehicles with decrease in city size. The increase in contribution of aluminosilicates could be due to application of sand instead of salt to deice roads in small cities. The high contributions of non-exhaust traffic emission observed in small cities Shellekhov and Slyudyanka could also be conditioned by the Trans-Siberian Highway passing through these cities. The high contribution of aluminosilicates in Slyudyanka could also be due to deposition of silicate dust blown by the wind from mica and marble quarries.




3.3.3. Source Attribution of Chemical Species That Were Not Used as Source Tracers


The most powerful pollution sources in Irkutsk city are aluminosilicates and fossil fuel combustion contributing 38% and 34% of particulate matter respectively. Since the aluminosilicates in snowpack are mostly of natural origin, the heavy metals such as Ti, Cr, Mn, Fe, Cu, Ni and Pb, of which the concentrations are much higher in Irkutsk than in the other cities, originated from fossil fuel combustion.



The concentrations of heavy metals in snow from Shelekhov were much lower than those in snow from Irkutsk and Slyudyanka, thus most of heavy metals were probably originated from some minor PM sources, like non-exhaust traffic emission or aluminum production, rather than from aluminosilicates that contributed 51% to snow PM. The high concentration of Pb may originate from cable production located in Shelekhov city because lead is the material widely used for cable armoring and sheathing. However, some non-exhaust traffic emission sources, like abrasion of wheel weights, may also contribute to high levels of Pb in snow [66,67].



The contribution of aluminosilicates to snow pollution in Slyudyanka city was at least two and a half times higher than contribution of any other source. Since the aluminosilicates were supposedly of natural origin, the most probable sources of heavy metals in Slyudyanka’s snowpack were non-exhaust traffic emission and fossil fuel combustion.





3.4. Source Apportionment of Particulate Matter Using Positive Matrix Factorization


The most interpretable result obtained for Irkutsk was rotated (Fpeak = 0.5) five-factor solution. The differences between Qtrue and Qexpected were less than 16%.



The four-factor PMF solution obtained for Shelekhov was very stable (Qtrue/Qexpected = 1.3) and the factor mass fractions did not change with varying Fpeak. The results of the diagnostic tools offered by EPA PMF revealed that both solutions were robust with low rotational ambiguity. Bootstrap results indicated that the factors were reproduced at a minimum level of 85% of the produced resamples, while displacement and bootstrap-displacement showed no factor swaps for the minimum dQ level [46].



The rotated (Fpeak = 1) three-factor solution obtained for Slyudyanka was the most uncertain. The differences between Qtrue and Qexpected were high enough (30–40%). Despite this, the three-component solution was the most clearly interpretable solution among others. The uncertainty in PMF solution for Slyudyanka was probably due to chemical transformations of source fingerprints [68] like dissolution of carbonate particles due to freezing-thawing or their reactions with dissolved meltwater components. Error could also arise from weak or sporadic sources like, for example, residential furnaces that use different fuels of different origin and cannot be represented by dedicated factors.



3.4.1. PM Sources Identified in Irkutsk City and Their Contributions to Snow Pollution


Five factors obtained for Irkutsk contributed 19%, 27%, 20%, 16% and 18% of chemical materials to snow PM, respectively (Figure 4). Factor 1 was characterized by the relatively high concentrations of Al, Ti and Fe; however, the factor’s contribution to concentrations of these elements is low. The Al, Ti and Fe could originate either from non-exhaust traffic emission or fossil fuel combustion; however, the quite low value of Si/Al ratio argue in favor of combustion of fuel oil [40]. The contribution of Factor 1 to concentrations of Cr, Ni, Cu and Pb was highest among the other factors that also argues in favor of pyrogenic origin of those metals. Factor 2 was characterized by highest concentrations of Si and Al as well as the highest contributions to Si and Al concentrations among all factors. It was supposed that this factor represented aluminosilicates because the value of Si/Al ratio was equal to 4 that is typical for aluminosilicates (Table 3). The concentrations of heavy metals in this factor as well as the factor’s contributions to metal concentrations were quite low.



Factor 3 was ascribed to concrete deterioration because it was characterized by high contributions of Ca and Sr (up to 90%) to snow PM. Being the geochemical analogue of calcium, Sr isomorphically substitutes Ca in most minerals, especially in carbonates. Thus, the concentrations of Ca and Sr are always proportional to each other. The high concentration of Si also testifies to lithogenic origin of PM associated with this factor. Factor 4 was identified as biomass combustion and characterized by high concentration of K [69]. The contribution of Factor 4 to concentrations of most of chemical species was quite low. Factor 5 was relevant to non-exhaust traffic emission and characterized by high concentrations of Si, K, Ca, Ti and high contributions of K, Ti, Cr, Mn, Fe. The Si and Ca were probably originated from deterioration of road pavement and curb, whereas K, Ti, Cr, Mn and Fe came from brake pads and disks. For example, it is known that the concentrations of K (that is usually considered as biogenic element) in car brake dust may reach 0.5% [59]. However, most probably the high contribution of K may indicate some mixing with other sources like biomass combustion.




3.4.2. PM Sources Identified in Shelekhov City and Their Contributions to Snow Pollution


In Shelekhov city four factors were identified (Figure 5).



Compositions of three of these factors, namely non-exhaust traffic emissions, concrete deterioration and aluminosilicates, were similar to those identified in Irkutsk. These factors contributed 24%, 22% and 24% of chemical materials to snow PM, respectively. The fourth factor, characterized by extreme concentration of Al (90%) and high contribution of Al (79%) to PM, was identified as aluminum production (Figure 5). This factor contributed 30% to PM.



The profiles of non-exhaust traffic emissions, concrete deterioration and aluminosilicates identified in Shelekhov and Irkutsk were characterized by different concentrations of heavy metals. For example, in Irkutsk the contribution of non-exhaust traffic emissions to concentrations of Cu, Zn and Sr in PM was equal to zero, whereas in Shelekhov the contribution of this factor to concentrations of respective elements was high enough. The same is also true for concrete deterioration and aluminosilicates. The profiles of these sources obtained for Irkutsk are characterized by much lower contributions of Mn, Fe, Ni, Zn and Sr with respect to that obtained for Shelekhov. One more difference between concrete profiles is much higher concentration of Si in Irkutsk.




3.4.3. PM Sources Identified in Slyudyanka City and Their Contributions to Snow Pollution


Three factors were identified in Slyudyanka (Figure 6): Fossil fuel combustion combined with non-exhaust traffic emissions, aluminosilicates and marble/mica mining combined with concrete deterioration. These factors contributed 25%, 45% and 27% of chemical materials to snow PM, respectively. Combining the profiles of fossil fuel combustion and non-exhaust traffic emissions by PMF was caused by similar concentrations of Al and Fe in these two sources. The mining and concrete deterioration were also combined by PMF due to similarity between profiles of mining wastes stored in abandoned quarries and aluminosilicates contained in concrete used for constructing pavements, footpaths and buildings. Probably, mining wastes were used as the component of concrete. The composition of aluminosilicates identified in Slyudyanka was similar to composition of aluminosilicates identified in Irkutsk and Shelekhov.






4. Conclusions


The results obtained using EMMA and PMF demonstrated the importance of simultaneous use of different source apportionment techniques for determining the number of PM sources and their contributions to air pollution. The main conclusions reached in this study are as follows:




	
In urban environments of Eastern Siberia, the most suitable tracers of PM sources are Si, Al, Fe and Ca. It was found that Si, Fe and Ca were the tracers of aluminosilicates, non-exhaust traffic emissions and concrete deterioration, respectively. Aluminum was found to be the tracer of both fossil fuel combustion and aluminum production. The trace elements measured in PM was not attributed to any particular source and thus could not be used as source tracers.



	
The number of sources identified in each city using EMMA was equal to four, whereas the number of sources identified in Irkutsk, Shelekhov and Slyudyanka using PMF model was equal to five, four and three, respectively. Some sources identified using PMF were the combinations of two sources identified using EMMA, whereas some sources identified using EMMA were split by PMF into two sources. Despite of this, the types of pollution sources identified in each particular city using EMMA and PMF model were the same.



	
The contributions of combined sources identified using PMF are similar to sums of contributions of respective single sources identified using EMMA. Moreover, the contributions of point PM sources such as aluminum production (Shelekhov) and marble quarry (Slyudyanka) evaluated using EMMA and PMF were quite similar.



	
Despite the differences in number of PM sources and their contributions, the data obtained using both techniques are in agreement with existing knowledge on economic-geographical situations in studied cities. For example, the contributions of non-exhaust traffic emission and aluminosilicates calculated using both techniques increase with decrease of city size, due to increase in use of personal vehicles and application of local deicing materials (sand, gravel) instead of salt.
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Figure 1. The location of Shelekhov (a), Irkutsk (b) and Slyudyanka (c) cities in Baikal region (d) and in Central Asia (e); black dots are sampling points. 
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Figure 2. Diagrams illustrating the mixing of PM from different sources in snowpack in Irkutsk (a), Shelekhov (b) and Slyudyanka (c) cities using concentrations of Si, Fe and Ca normalized to concentration of Al as tracers; empty circles are snow samples, colored circles are emission sources. 
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Figure 3. Diagrams illustrating the mixing of PM from different sources in snowpack in Irkutsk (a), Shelekhov (b) and Slyudyanka (c) cities using concentrations of Al, Fe and Ca normalized to concentration of Si as tracers; empty circles are snow samples, colored circles are emission sources. 
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Figure 4. Source profiles obtained by PMF analysis of snow particulate matter from Irkutsk. 
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Figure 5. Source profiles obtained by PMF analysis of snow particulate matter from Shelekhov. 
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Figure 6. Source profiles obtained by PMF analysis of snow particulate matter from Slyudyanka. 
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Table 1. Basic statistical parameters of chemical composition of insoluble particulate matter, µg/L.
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Parameter

	
Al

	
Si

	
K

	
Ca

	
Ti

	
Cr

	
Mn

	
Fe

	
Ni

	
Cu

	
Zn

	
Sr

	
Pb






	

	
Irkutsk




	
Min

	
2371

	
4381

	
97.8

	
210

	
38.8

	
1.25

	
5.90

	
405

	
1.17

	
3.01

	
2.87

	
2.51

	
0.84




	
25th

	
3575

	
7882

	
287

	
578

	
77.8

	
2.54

	
13.94

	
923

	
3.48

	
5.87

	
7.79

	
11.1

	
1.77




	
Median

	
4424

	
10,934

	
549

	
1288

	
167

	
4.85

	
36.33

	
1723

	
7.00

	
9.04

	
16.0

	
21.9

	
2.86




	
75th

	
5304

	
14,667

	
815

	
2372

	
271

	
9.14

	
61.83

	
3932

	
14.4

	
17.6

	
27.9

	
47.5

	
5.44




	
Max

	
7205

	
23,915

	
1964

	
16,457

	
632

	
24.19

	
137.94

	
7792

	
48.0

	
39.2

	
84.5

	
163

	
12.7




	
Mean

	
4516

	
11,341

	
607

	
1858

	
187

	
6.45

	
42.26

	
2515

	
10.4

	
13.0

	
21.5

	
35.2

	
3.91




	
STD *

	
1229

	
4069

	
409

	
2557

	
133

	
5.32

	
33.83

	
1973

	
9.67

	
9.90

	
18.0

	
36.3

	
2.90




	

	
Shelekhov




	
Min

	
4002

	
2727

	
35.1

	
122

	
15.3

	
1.49

	
2.95

	
176

	
0.67

	
1.47

	
2.51

	
0.93

	
0.88




	
25th

	
9760

	
6801

	
124

	
337

	
30.5

	
2.99

	
8.05

	
686

	
3.70

	
2.83

	
8.40

	
2.39

	
3.47




	
Median

	
12,772

	
10,613

	
314

	
749

	
72.3

	
3.35

	
16.5

	
1026

	
5.02

	
5.56

	
16.2

	
8.10

	
4.27




	
75th

	
15,933

	
12,720

	
444

	
944

	
113

	
4.58

	
23.9

	
1404

	
7.58

	
9.76

	
22.5

	
12.2

	
6.21




	
Max

	
21,543

	
15,391

	
664

	
2025

	
258

	
7.99

	
95.6

	
4885

	
13.5

	
17.9

	
31.4

	
50.8

	
8.64




	
Mean

	
12,221

	
9919

	
295

	
777

	
84.9

	
3.87

	
20.7

	
1201

	
5.63

	
6.32

	
15.3

	
10.2

	
4.65




	
STD

	
4801

	
3491

	
180

	
492

	
59.8

	
1.72

	
19.5

	
955

	
2.93

	
4.07

	
8.75

	
11.0

	
2.09




	

	
Slyudyanka




	
Min

	
587

	
997

	
41.5

	
45.0

	
7.62

	
0.24

	
0.95

	
70.7

	
0.48

	
0.59

	
0.50

	
0.34

	
0.25




	
25th

	
3704

	
5977

	
261

	
1587

	
106

	
2.39

	
20.6

	
1098

	
3.20

	
6.66

	
6.70

	
27.9

	
1.63




	
Median

	
4723

	
7133

	
416

	
4481

	
122

	
4.48

	
36.0

	
1775

	
5.02

	
11.2

	
9.30

	
84.2

	
2.11




	
75th

	
5478

	
11,079

	
548

	
17,720

	
222

	
6.11

	
59.2

	
3215

	
7.34

	
22.9

	
17.3

	
119

	
3.80




	
Max

	
7055

	
15,148

	
744

	
48,912

	
283

	
9.08

	
97.0

	
4210

	
9.92

	
30.9

	
24.1

	
170

	
6.15




	
Mean

	
4686

	
8123

	
416

	
8947

	
149

	
4.46

	
43.0

	
2130

	
5.23

	
14.6

	
11.5

	
76.9

	
2.72




	
STD

	
1532

	
3724

	
183

	
11,077

	
82.1

	
2.69

	
27.2

	
1218

	
2.74

	
9.77

	
7.06

	
52.2

	
1.62








* Standard deviation.
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Table 2. Correlation matrices (Pearson coefficients) for 13 elements in particulate matter.
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Al

	
Si

	
K

	
Ca

	
Ti

	
Cr

	
Mn

	
Fe

	
Ni

	
Cu

	
Zn

	
Sr

	
Pb






	

	
Irkutsk




	
Al

	
1

	

	

	

	

	

	

	

	

	

	

	

	




	
Si

	
0.49 *

	
1

	

	

	

	

	

	

	

	

	

	

	




	
K

	
0.48

	
0.68

	
1

	

	

	

	

	

	

	

	

	

	




	
Ca

	
0.01

	
0.10

	
0.49

	
1

	

	

	

	

	

	

	

	

	




	
Ti

	
0.46

	
0.56

	
0.94

	
0.47

	
1

	

	

	

	

	

	

	

	




	
Cr

	
0.33

	
0.29

	
0.68

	
0.48

	
0.84

	
1

	

	

	

	

	

	

	




	
Mn

	
0.40

	
0.56

	
0.88

	
0.70

	
0.93

	
0.80

	
1

	

	

	

	

	

	




	
Fe

	
0.35

	
0.49

	
0.87

	
0.50

	
0.95

	
0.84

	
0.97

	
1

	

	

	

	

	




	
Ni

	
0.20

	
0.22

	
0.48

	
0.82

	
0.48

	
0.89

	
0.77

	
0.82

	
1

	

	

	

	




	
Cu

	
0.23

	
0.31

	
0.46

	
0.72

	
0.75

	
0.81

	
0.78

	
0.84

	
0.84

	
1

	

	

	




	
Zn

	
0.19

	
0.29

	
0.68

	
0.81

	
0.50

	
0.47

	
0.81

	
0.81

	
0.81

	
0.82

	
1

	

	




	
Sr

	
0.27

	
0.33

	
0.68

	
0.86

	
0.79

	
0.80

	
0.49

	
0.85

	
0.89

	
0.86

	
0.90

	
1

	




	
Pb

	
0.26

	
0.33

	
0.71

	
0.77

	
0.81

	
0.84

	
0.82

	
0.43

	
0.88

	
0.95

	
0.84

	
0.91

	
1




	

	
Shelekhov




	
Al

	
1

	

	

	

	

	

	

	

	

	

	

	

	




	
Si

	
−0.34

	
1

	

	

	

	

	

	

	

	

	

	

	




	
K

	
0.29

	
0.11

	
1

	

	

	

	

	

	

	

	

	

	




	
Ca

	
0.46

	
0.05

	
0.82

	
1

	

	

	

	

	

	

	

	

	




	
Ti

	
0.23

	
0.05

	
0.90

	
0.73

	
1

	

	

	

	

	

	

	

	




	
Cr

	
0.27

	
0.14

	
0.77

	
0.77

	
0.89

	
1

	

	

	

	

	

	

	




	
Mn

	
0.14

	
−0.05

	
0.71

	
0.49

	
0.91

	
0.88

	
1

	

	

	

	

	

	




	
Fe

	
0.12

	
−0.02

	
0.73

	
0.44

	
0.92

	
0.88

	
0.99

	
1

	

	

	

	

	




	
Ni

	
0.26

	
0.07

	
0.50

	
0.65

	
0.83

	
0.94

	
0.88

	
0.88

	
1

	

	

	

	




	
Cu

	
0.36

	
0.06

	
0.72

	
0.88

	
0.78

	
0.87

	
0.69

	
0.50

	
0.79

	
1

	

	

	




	
Zn

	
0.58

	
−0.17

	
0.52

	
0.73

	
0.50

	
0.72

	
0.49

	
0.43

	
0.79

	
0.84

	
1

	

	




	
Sr

	
0.15

	
−0.13

	
0.71

	
0.58

	
0.90

	
0.86

	
0.98

	
0.98

	
0.87

	
0.73

	
0.47

	
1

	




	
Pb

	
0.22

	
0.08

	
0.48

	
0.41

	
0.63

	
0.80

	
0.69

	
0.72

	
0.92

	
0.67

	
0.73

	
0.70

	
1




	

	
Slyudyanka




	
Al

	
1

	

	

	

	

	

	

	

	

	

	

	

	




	
Si

	
0.53

	
1

	

	

	

	

	

	

	

	

	

	

	




	
K

	
0.68

	
0.51

	
1

	

	

	

	

	

	

	

	

	

	




	
Ca

	
0.17

	
−0.14

	
0.32

	
1

	

	

	

	

	

	

	

	

	




	
Ti

	
0.76

	
0.72

	
0.69

	
−0.27

	
1

	

	

	

	

	

	

	

	




	
Cr

	
0.73

	
0.77

	
0.47

	
−0.33

	
0.92

	
1

	

	

	

	

	

	

	




	
Mn

	
0.65

	
0.49

	
0.73

	
−0.14

	
0.94

	
0.82

	
1

	

	

	

	

	

	




	
Fe

	
0.60

	
0.48

	
0.65

	
−0.20

	
0.93

	
0.86

	
0.98

	
1

	

	

	

	

	




	
Ni

	
0.60

	
0.58

	
0.39

	
−0.27

	
0.82

	
0.91

	
0.78

	
0.86

	
1

	

	

	

	




	
Cu

	
0.45

	
0.42

	
0.10

	
−0.11

	
0.53

	
0.74

	
0.48

	
0.61

	
0.88

	
1

	

	

	




	
Zn

	
0.52

	
0.42

	
0.54

	
−0.33

	
0.82

	
0.75

	
0.80

	
0.84

	
0.83

	
0.61

	
1

	

	




	
Sr

	
0.26

	
−0.10

	
0.39

	
0.65

	
0.18

	
0.16

	
0.38

	
0.39

	
0.33

	
0.47

	
0.27

	
1

	




	
Pb

	
0.38

	
0.29

	
0.46

	
−0.36

	
0.72

	
0.64

	
0.73

	
0.78

	
0.73

	
0.52

	
0.94

	
0.30

	
1








* Bold font reflects weak positive and negative correlation.
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Table 3. Values of source tracer ratios.






Table 3. Values of source tracer ratios.





	
Pollution Source

	
Si/Al

	
Fe/Al

	
Ca/Al

	
Al/Si

	
Fe/Si

	
Ca/Si






	

	
Irkutsk




	
Concrete deterioration

	
3.25

	
0.91

	
0.54

	
0.59

	
0.55

	
0.45




	
Non-exhaust traffic emissions

	
1.25

	
1.11

	
0.03

	
0.66

	
0.96

	
0.05




	
Aluminosilicates

	
3.65

	
0.33

	
0.14

	
0.28

	
0.10

	
0.03




	
Fossil fuel combustion

	
1.11

	
0.13

	
0.07

	
0.73

	
0.08

	
0.01




	

	
Shelekhov




	
Concrete deterioration

	
0.98

	
0.76

	
0.53

	
2.01

	
0.39

	
0.71




	
Non-exhaust traffic emissions

	
1.06

	
0.83

	
0.07

	
1.35

	
0.94

	
0.17




	
Aluminosilicates

	
2.84

	
0.11

	
0.02

	
0.35

	
0.04

	
0.02




	
Aluminum production

	
0.17

	
0.05

	
0.01

	
3.01

	
0.04

	
0.03




	

	
Slyudyanka




	
Marble and mica mining

	
2.15

	
0.60

	
6.93

	
0.92

	
0.52

	
3.96




	
Non-exhaust traffic emissions

	
2.18

	
1.54

	
0.18

	
1.03

	
1.06

	
0.12




	
Aluminosilicates

	
3.51

	
0.59

	
0.22

	
0.41

	
0.13

	
0.08




	
Fossil fuel combustion

	
1.74

	
0.14

	
0.09

	
1.32

	
0.25

	
0.09
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Table 4. Contributions of PM sources to snow pollution in three cities using different tracers, %.






Table 4. Contributions of PM sources to snow pollution in three cities using different tracers, %.





	
Pollution Source

	
Tracers




	

	
Si, Fe, Ca Normalized to Al

	
Al, Fe, Ca Normalized to Si






	

	
Irkutsk




	
Concrete deterioration

	
22

	
20




	
Non-exhaust traffic emissions

	
3

	
8




	
Aluminosilicates

	
39

	
38




	
Fossil fuel combustion

	
35

	
34




	

	
Shelekhov




	
Concrete deterioration

	
23

	
12




	
Non-exhaust traffic emissions

	
6

	
15




	
Aluminosilicates

	
23

	
51




	
Aluminum production

	
49

	
22




	

	
Slyudyanka




	
Marble and mica mining

	
18

	
18




	
Non-exhaust traffic emissions

	
24

	
18




	
Aluminosilicates

	
19

	
53




	
Fossil fuel combustion

	
38

	
11
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