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ABSTRACT: X-ray fluorescence method was proposed for a determination of major elements in samples of snow cover 

solid phase collected in the urban areas of the Irkutsk region near aluminum smelter and combined heat and power plant. The 

limitation of the analyzed sample mass, which in some cases does not exceed 50 mg, as well as the features of the elemental 

composition (high Al and low Si contents) require a special methodological approach to quantitative elemental analysis. Due to the 

lack of matrix-matched certified reference materials, the calibration set includes certified reference materials of igneous and 

sedimentary rocks as well as aluminum ore samples. Results of X-ray fluorescence method were compared with the results obtained 

by reference methods including atomic absorption, atomic emission and spectrophotometry methods. It showed that it is necessary 

to use samples of snow cover solid phase analyzed by reference 

methods as a calibration set for X-ray fluorescence analysis, which 

ensures the quantitative determination of major elements (Na, Mg, Al, 

Si, P, K, Ca, Ti, Mn and Fe). These elements are important for 

environmental pollution investigation. Al was discovered as a main 

pollutant produced by aluminum smelter, Si, Ca, Ti, Mn, and Fe - by 

combined heat and power plant. 
 

INTRODUCTION 

The aluminum industry has significant environmental and health 

impact. Aluminum is a neurotoxic substance that has been found 

in high levels in the brain tissues of Alzheimer’s disease, epilepsy, 

and autism patients, as well as premature infants and ones with 

renal failure, who are at the risk of developing the central nervous 

system and bone toxicity.1 Besides alumina, air pollutions from 

aluminum smelters includes coke dust, particulate and gaseous 

fluorides, and sodium dioxide, as well as organic compounds.2-5 

Aluminum production facilities are often supplied by combined 

heat and power (CHP) plants which emit nitrogen dioxide, organic 

compounds, sulphur dioxide, as well as inorganic dust with toxic 

elements.6 Air pollution control, identification of pollution areas 

and sources of potentially toxic elements, minimization of 

negative impacts on the environment and living organisms in the 

areas influenced by aluminum production and CHP facilities are 

current environmental problems. Fast and accurate methods for 

recognizing the effects of industrial emissions are required. 

Snow cover is an important source of data for environmental 

pollution studies due to its accumulation of atmospheric dust 

particles.7-21 During a snowfall, snow captures gaseous substances 

and solid particles suspended in the atmospheric air. When the 

snowfall stops, snow cover collects dry precipitation of particles 

and dust from the atmosphere. The study of the mineral and 

elemental composition of snow cover solid phase is important for 

a better understanding of the migration routes of pollutants and 

determining their impact on biological objects, including humans. 

For analytical chemist, an analysis of snow cover solid phase is 
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not a simple task. Since the sample mass is limited and often does 

not exceed 50 mg, it is necessary to apply methods which do not 

require a large sample mass of the analyzed material, for example, 

inductively coupled plasma mass-spectrometry,10,17,19,22 optic-

emission spectrometry,18,23 atomic emission15,16,19 or atomic 

absorption analysis.9,24 The X-ray fluorescence (XRF) method is 

widely used for the determination of elemental composition of 

various objects25,26 for different studies, including environmental 

investigation.27-34 However, despite the relatively low cost and 

high productivity, XRF method has not been applied for snow 

cover solid phase analysis. The experience of using X-ray methods 

in the analysis of this object is often limited to the study of 

individual particles by the electron probe microanalysis.20,35-41 

Common XRF techniques usually require a relatively large sample 

mass (from 500 mg), however a quantitative analysis of small 

sample mass is also possible.42,43 

One of the problems in the study of snow cover solid phase is a 

specific phase composition of investigated samples. Wet 

chemistry methods based on the acid digestion procedure are 

almost free of influence of sample matrix, however the modern 

methods (including XRF) usually require matrix matched certified 

reference materials (CRMs) for quantitative analysis. There are no 

CRMs of snow cover solid phase, therefore specific techniques for 

the sample preparation are required. In contrast to the time-

consuming acid leaching procedure, the fusion method can be 

used for XRF analysis to minimize the influence of the difference 

in phase composition between the analyzed and calibration 

samples.44,45 Due to the development of facilities for a sample 

preparation to the XRF analysis it is possible to reduce the 

analyzed sample mass.46-50 The limitations of the fusion sample 

preparation technique are: determination of volatile elements (S, 

F), which may be partially or completely lost during fusion process; 

determination of element content less than 0.1 wt. % due to the 

high degree of dilution with flux that significantly reduces the 

sensitivity of technique. 

Other issues are specific elemental composition of investigated 

samples and, consequently, necessity for matrix effects correction. 

Two main approaches for the matrix effects correction in the XRF 

analysis are (1): the fundamental parameters (FP) model based on 

the physical model of X-ray radiation interaction with a sample 

and (2) the empirical influence coefficients (EIC) based on 

regression equations.51-53 Application of FP requires knowledge of 

the bulk chemical composition of sample, while the construction 

of reliable empirical regression equations requires a large number 

of matrix-matched calibration samples. Due to the differences in 

contents and ratios of analytes in snow cover solid phase samples 

and the lack of matrix-matched CRMs, the selection of matrix 

effects correction method is also the important task.  

This study presents the application of the XRF method with a 

fusion sample preparation procedure for the quantitative 

determination of major elements in snow cover solid phase sample 

with a limited mass. The purpose of this work is to assess 

environmental pollution of areas influenced by the aluminum 

production facilities and CHP plants emissions. This study also 

includes the selection of calibration samples and matrix effects 

correction approach in the conditions of the lack of matrix-

matched CRMs and specific phase and elemental composition of 

industrial emissions. 

EXPERIMENTAL 

Instrumentation. Major components of emissions from the 

aluminum industry (Na, Al) and the CHP plants (Mg, K, Si, Ti, Ca) 

were considered as the elements of interest. Investigation was 

carried out using the equipment of the Center of isotopic and 

geochemical Research (Vinogradov Institute of Geochemistry, 

Siberian Branch of the Russian Academy of Sciences, Irkutsk, 

Russian Federation).54 The measurements were performed using 

an S4 Pioneer wavelength-dispersive X-ray fluorescence 

spectrometer (Bruker AXS, Germany) equipped with Rh-anode 

X-ray tube and Soller optical scheme. Table 1 shows the 

conditions for measuring analytical lines: X-ray tube voltage and 

current, crystal monochromator (lithium fluoride LiF, 

pentaerythritol PET, synthetic multilayer crystal OVO-55), 

collimator and detector (SD – scintillation detector, GFPD – gas-

flow proportional detector). The instrumental uncertainty is less 

than 0.3% rel. The measurement time for one sample was about 

15 min. 

Matrix effects correction was carried out using two methods, 

described in the Introduction section. The correction by FP method 

(“variable alphas” option of the spectrometer software) was 

applied using the following equation:            

𝐶𝑖
∗ = 𝐶𝑖  ·  ( 1 + ∑ 𝛼𝑖𝑗

𝑛
𝑗≠𝑖  ·  𝐶𝑗)        (1) 

where Сi* – corrected content of analyte, Cj – content of the matrix 

element; αij - matrix correction coefficients.  

The EIC method was applied using the following equation: 

𝐶𝑖
∗ = 𝐶𝑖 · (1 + ∑ 𝛼𝑖𝑗  ·  𝐼𝑗)𝑛

𝑗≠𝑖               (2) 

where Ij – intensity of the influencing element.  

Table 1. Instrumental operating conditions for analytical lines 

Analytical line 
Voltage, kV / 

Current, mA 

Crystal / 

collimator 
Detector 

Na Kα, Mg Kα  30 / 80 OVO-55 / 0.46° GFPD 

Al Kα, Si Kα, PKα 30 / 80 PET / 0.46° GFPD 

K Kα, Ca Kα, Ti Kα 50 / 40 LiF (200) / 0.23° GFPD 

Fe Kα, Mn Kα 50 / 40 LiF (200) / 0.23° SD 

Notes: SD－scintillation detector, GFPD－gas-flow proportional detector. 
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Fig. 1 Map-scheme of the study area. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 X-ray fluorescence spectrum of snow cover solid sample collected 

near aluminum smelter (a), CHP plant (b) and out of investigated area (c). 

The phase composition of the samples was studied by X-ray 

powder diffractometry (XRD) using a D8 Advance powder 

diffractometer (Bruker AXS, Germany). The approved analytical 

methods of atomic emission spectroscopy (Kolibri-2 multichannel 

spectrometer, VMK-Optoelektronika, Russia), atomic absorption 

spectroscopy (M403 spectrometer, Perkin-Elmer, USA) and 

spectrophotometry (SF-56 spectrophotometer, OKB Spectr, 

Russia) were used as reference methods. 

Cluster analysis (CA) and principal component analysis (PCA) 

has been applied using Statistica 12 software. Maps were prepared 

in the QGIS 3.16 software. Spatial data processing algorithms of 

the SAGA GIS 7 integrated into QGIS software were used to build 

the spatial distribution of elements. 

Materials and sample preparation. Samples of the snow cover 

solid phase were collected from Irkutsk region urbanized 

territories: Irkutsk and Shelekhov cities and their suburbs, where 

the main sources of high levels of air pollution are the Irkutsk 

Aluminum Smelter (including CHP plant, silicon, and cable 

production) and the Novo-Irkutsk CHP plant. The sampling 

scheme was drawn up considering the physical and geographical 

conditions, including the wind rose, the location of industrial 

enterprises and the terrain (Fig. 1). Samples were collected at the 

end of the stable snow cover season during the period of its 

maximum accumulation before the onset of thawing (late 

February and early March, from 2020 to 2022). Sampling was 

carried out to the entire depth of the snow layer, except for a 5-cm 

layer above the soil, using special polyvinyl samplers in plastic 

bags, while measuring the area and depth of the pit. 

Snow samples were thawed at room temperature, and the melt 

water was filtered. The mass of obtained solid samples varied from 

0.1 g to 2.0 g. According to the XRD data, collected samples 

consist of oxide phases containing aluminum and iron, 

presumably of technogenic origin: mainly corundum, mullite, and 

hematite, as well as natural minerals (quartz, anorthite, muscovite, 

phologopite). According to the previous studies using electron 

probe microanalysis, samples collected from the same area also 

could contain microparticles of aluminum oxides and carbides and 

metal spherules of iron sulfides.35-37,39 Fig. 2 shows spectra of 

snow cover solid phase samples collected near aluminum smelter 

(a), CHP plant (b) and out of investigated area (c). The most 

intense lines are related with the presence of high Al (1.5 keV), Fe 

(6.4 keV), Ca (3.7 keV) and Si (1.7 keV) content. These major 

elements were considered as potential pollutants. 

Figure 1 also shows 12 samples (blue dots) chosen for XRF 

investigation and analyzed by reference methods (Table 2). These 

samples have the maximum mass and therefore they were 

considered as most polluted. Ten samples were collected near 

aluminum smelter and two samples – near Novo-Irkutsk CHP 

plant. The elemental composition of the samples is presented in 

supplementary files (Table S1). 

Obtained results were processed by CA and PCA to classify 

samples with different composition. The “Eigenvalues scree Plot” 

was used to determine two optimal principal components. 

Calculations showed that the first two principal components 

represent 86% of the total variance (factor 1 = 70.6%, factor 2 = 

15.4%). Score and loading scatter plots were constructed in 
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Table 2. Analysis of snow cover solid phase samples by reference methods 

Compound 
Concentration 

range, wt. % 
Method 

Na2O 0.10-1.79 Atomic emission spectroscopy 

K2O 0.12-3.02  

MgO 0.11-1.99 Atomic absorption spectroscopy 

Al2O3 28.54-73.07  

CaO 0.51-5.26  

MnO 0.03-0.10  

Fe2O3 0.36-6.40  

SiO2 6.63-48.26 Spectrophotometry 

P2O5 0.06-0.20  

TiO2 0.07-0.77  

Loss on ignition (LOI) 5.22-21.53 Gravimetry 

 

 

 

  

Fig. 3 PCA results based on the elemental composition of snow cover solid 

phase samples obtained by reference methods: score scatter plot (a) and 

loading scatter plot (b) for two factors. 

projections on the first and the second factors (Fig. 3) to study the 

relationship of all variables. The most significant variables for the 

first factor are Al, Si, Ti, Mn, and Fe. The second factor divides the 

samples by the content of Na. 

The score scatter plot shows a clear differentiation of samples 

collected near Novo-Irkutsk CHP plant (samples 1 and 4) and 

Irkutsk aluminum smelter (other 10 samples). The main difference 

in chemical composition caused by the variations of Na and K or 

Al and LOI (including F and C) contents in aluminum smelter 

emissions and Ca content in CHP plant emissions. The data 

obtained showed that sources of pollution are various in different 

fields of investigated area. According to a visual assessment of 

PCA graphs, 12 samples were divided into two groups. 

Calibration samples. The calibration set was selected according 

to the ranges of elements’ contents determined for the samples of 

snow cover solid phase by reference methods (Table 2). We used 

CRMs of igneous and sedimentary rocks produced by the 

Vinogradov Institute of Geochemistry (Irkutsk, Russia): SDU-1 

(dunite), SKD-1 (quartz diorite), SGD-2 (gabbro), SG-3 and SG-

4 (granites), GBPg-1 (garnet-biotite plagiogneiss); West Siberian 

Testing Center (Yekaterinburg, Russia): SO-12 (granite); 

International Association of Geoanalysts (IAG): DBC-1 (GeoPT-

33, soil), UoKLoess (GeoPT-13, loess) and SdAR-1 (GeoPT-31, 

modified river sediment); CRMs of aluminum raw materials 

produced by Research Institute of Applied Physics (Irkutsk, 

Russia): SB-1 and SB-2 (bauxite), SNS-1 (nepheline ore) and The 

Center for Mineral Technology (CETEM, Brazilia): BXSP-1, 

BXMG-1, BXMG-3, BXMG-5, BXPA-2 and BXGO-1 (bauxites). 

CRMs contain high aluminum concentrations due to the presence 

of minerals－aluminum hydroxides (boehmite, diaspore, gibbsite) 

and aluminum silicates (kaolinite, zeolite). The data on elemental 

and phase composition was taken from GeoREM database 

(http://georem.mpch-mainz.gwdg.de), websites of IAG 

(https://www.geoanalyst.org/geopt) and CETEM 

(https://cetem.gov.br/antigo/crm). 

Calibration set and analyzed samples were preliminarily 

calcined for 4 hours in a muffle furnace at a temperature of 950 °C. 

Because elements’ contents are usually increasing during 

calcination (when LOI values related to water and carbon 

compounds), we recalculated elements’ contents to calcined 

samples using certified (for CRMs) and determined by gravimetric 

technique (for collected samples) LOI values. Calcined samples 

with a mass of 110 mg were fused with 1.1 g of lithium metaborate 

(Merck) with the addition of seven drops of a 4% LiBr solution in 

platinum crucibles in a TheOX electric furnace (Claisse, Canada) 

at a temperature of 1050 °C.46,47 The melt was poured onto 

platinum substrates and glass discs with a diameter of 10－12 mm 

were formed. 

Validation. To assess the difference between results obtained by 

the XRF method and reference methods, the standard deviation 

(SD) value was calculated as follows:  

n

CC
SD

refXRF −
=

2)(

         

  (3) 

where CXRF and Cref - concentrations obtained by XRF and 

reference methods, n - the number of samples. The relative 

standard deviation (RSD) was calculated as follows:  

 

      (4) 

To compare the results obtained by XRF and reference methods, 

Z-score was calculated as follows:55,56 

 

     (5) 

Assessment of pollution level. The assessment of the pollution 

level was performed by a comparison of the obtained results with 

the values accepted as a regional background. As this study deals 

with a unique geosystem of the Baikal region, the methodology  

n

C
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Table 3. Characteristics of calibration curves (wt. %) 

Compound 

I 

Range 

II 

LOD 
Range 

RMS RMS 

Without correction FP EIC Without correction FP EIC 

Na2O 0.04-2.41 0.11 0.11 0.11 0.11-1.96 0.08 0.08 0.05 0.04 

MgO 0.10-2.31 0.06 0.05 0.03 0.13-2.18 0.05 0.05 0.05 0.03 

Al2O3 19.10-90.60 2.50 2.45 1.08 30.45-88.33 2.57 2.36 0.69 0.15 

SiO2 6.89-58.82 0.95 0.93 0.46 8.01-51.69 0.71 0.71 0.58 0.07 

P2O5 0.04-0.38 0.02 0.02 0.01 0.07-0.24 0.01 0.01 0.01 0.01 

K2O 0.01-3.73 0.06 0.06 0.06 0.15-3.28 0.03 0.03 0.03 0.01 

CaO 0.22-7.39 0.07 0.08 0.06 0.62-5.51 0.10 0.10 0.07 0.01 

TiO2 0.02-0.87 0.03 0.03 0.03 0.08-0.78 0.02 0.02 0.02 0.02 

MnO 0.02-0.28 0.012 0.009 0.009 0.04-0.11 0.005 0.005 0.003 0.005 

Fe2O3 1.04-9.51 0.27 0.21 0.21 0.67-8.41 0.17 0.15 0.15 0.02 

Notes: FP－fundamental parameters model, ECI－empirical influence coefficients method, LOD－limit of detection, RMS－root mean square. 

for determining the local background parameters differs from the 

generally accepted ones. Several background samples are taken 

outside the study area, 20 km away from the emission source. This 

is a background area identical to the emission source area in terms 

of climatic parameters, geological structure, relief, and soil cover. 

The sampling location satisfies the minimum urbanization of the 

surrounding area. After statistical processing of the data, the 

content of the elements, conventionally taken as the background, 

was determined (presented in supplementary files, Table S3). 

Pollution level was assessed using coefficients of elements’ 

concentrations: 

                       𝐾𝑐 =
𝐶

𝐶𝑏
                     (6) 

where C – content of element in sample; Сb – background content 

of element. 

RESULTS AND DISCUSSION 

Since the phase composition of the calibration set and analyzed 

samples is significantly different, and the calibration set does not 

include matrix-matched CRMs, we considered several options for 

constructing calibration equations. 

I. CRMs listed in the Experimental section were used as a 

calibration set. For each analyte, the calibration range was chosen 

based on the data obtained by reference techniques for samples in 

Table 1. The number of calibration samples varied from nine to 

seventeen. Matrix effects were corrected in two ways: FP method 

(eq. (1)) or EIC method (eq. (2)). For EIC method the main 

elements of emission (Al, Si, Fe) were considered as influencing 

elements. The information about calibration samples and 

influencing elements are presented in supplementary files (Table 

S2). 

II. According to the PCA (Fig. 3), samples of snow cover solid 

phase analyzed by the reference techniques were divided into two 

groups. Two samples (10 and 12), collected near aluminum 

smelter, and one sample (4), collected near Novo-Irkutsk CHP 

plant were chosen for a validation. Other nine samples were used 

as a calibration set. Two methods for matrix effects correction 

were also considered. 

Table 3 shows the ranges of analytes, limit of detection (LOD) 

and root mean square (RMS) values, characterizing scatter of 

points relative to calibration curves (n varied from 9 to 17) and 

calculated as: 

n

CC XRFcert −
=

2)(
RMS      (7) 

where Ccert – certified content in CRM, CXRF – content in CRM 

calculated using calibration curve.  

EIC method allows to significantly reduce the RMS value for 

aluminum and silicon compared to the theoretical correction, 

while for the other elements the difference is insignificant. To 

assess the accuracy and select the optimal calibration equation, 

three test samples were analyzed according to the variants of 

equations I and II. Results were recalculated to uncalcined sample. 

Results are presented in supplementary files (Table S4). Table 4 

shows obtained values of SD, RSD (n=3) and Z-score. 

According to the data given in Table 4, the use of snow cover 

solid phase samples analyzed by reference techniques as a 

calibration set enables to reduce the error for Al, Si, and Ca by 

more than 3 times and for Mg by more than 2 times, while the 

accuracy is almost the same for Na, K, Ti. According to the Z-

criterion, the results of the determination of Al, Si, and Fe in all 

three samples by the reference methods (II) can be accepted as 

satisfactory (|Z|<2). For XRF analysis using CRMs (I), the results 
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Table 4. Comparison of two calibration sets for XRF analysis 

No.  Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3 

4 

Cref, wt. % 0.14 1.48 29.98 48.26 0.16 0.83 5.26 0.77 0.09 7.38 

ZI -1.20 -9.68 1.96 -3.88 -5.62 -2.79 4.05 -2.53 -2.70 2.78 

ZII 2.69 -4.51 0.29 -1.14 0.40 -0.31 0.67 -2.74 5.07 0.26 

10 

Cref, wt. % 1.17 1.58 36.37 37.75 0.15 2.12 2.35 0.45 0.09 4.78 

ZI -2.70 -7.55 2.03 -1.56 -6.01 1.79 0.02 -0.18 -15.68 -5.11 

ZII -0.13 -0.82 -1.12 0.62 0.06 3.08 0.27 2.09 -7.65 -1.89 

12 

Cref, wt. % 0.82 0.60 59.01 15.17 0.08 0.42 1.73 0.20 0.04 1.89 

ZI 3.57 3.16 2.71 -2.40 -9.02 -0.36 -2.24 -2.90 -17.09 1.41 

ZII 2.37 3.13 -0.08 -0.48 -2.64 0.84 -0.25 1.57 2.84 0.94 

SDI 0.05 0.20 1.19 1.30 0.02 0.05 0.20 0.02 0.03 0.29 

SDII 0.02 0.08 0.28 0.39 0.01 0.07 0.03 0.03 0.01 0.09 

RSDI 5.55 13.88 2.56 3.28 19.73 3.82 4.35 5.24 41.54 5.47 

RSDII 5.03 6.34 0.78 0.92 4.49 3.38 0.72 4.86 16.21 2.00 

 

 

 

 

Fig. 4 Results of CA of elemental composition of snow cover solid phase 

samples. 

Table 5. Minimal, maximum, and average values of elements 

concentration coefficients, percentage of polluted samples 

  Kc
min Kc

max Kc
average Kc

% 

Na 0.2 1.9 0.4 4 

Mg 0.1 1.1 0.6 3 

Al 0.9 2.8 1.5 92 

Si 0.1 1.2 0.8 47 

P 0.1 1.4 0.6 1 

K 0.1 3.7 0.9 13 

Ca 0.2 2.0 1.0 51 

Ti 0.1 1.8 1.1 57 

Mn 0.1 1.7 0.9 51 

Fe 0.2 6.1 1.1 60 

can be considered as doubtful only for Al (2<|Z|<3). In total, out 

of thirty samples, the results for only eight samples can be 

considered as satisfactory and for other eight samples as doubtful 

obtained by equations I. Using of the calculation by equations II , 

the results for twenty samples can be accepted as satisfactory and 

for six samples as doubtful. Thus, it is preferable to use the samples 

for a calibration purposes preliminary analyzed by approved 

methods. Results of quantitative XRF analysis were used for 

further assessment of pollution level in the investigated area. 

According to the proposed methodology, 150 samples were 

collected in the area near the Irkutsk aluminum smelter and Novo-

Irkutsk CHP plant (points of sampling are shown in Fig. 1) and 

analyzed from 2020 to 2022. Fig. 4 shows results of CA for 72 

samples collected in 2020. 

As can be seen from Fig. 4, the contents of LOI, Al and Na are 

strictly correlated with each other, which corresponds to the 

studies,4,5 established that the main (with content more than 10 

wt. %) components of gas and dust emissions from Irkutsk 

Aluminum smelter are aluminum oxide, carbon, cryolite Na3AlF6 

and chiolite Na5Al3F14. This suggests a technogenic source of 

these elements. A closely related association of Mn, Ca, Ti, Si, K, 

and Mg probably characterizes emissions from the CHP plants. 

Table 5 shows ranges and average values of elements 

concentration coefficient as well as percentage of polluted (Kc>1) 

samples (Kc
%). 

As can been seen from the Table 5, there is no significant 

pollution of snow cover solid phase by Na, Mg, and P (Kc values 

was more than 1 only for one sample for P, two samples for Mg, 

and 3 samples for Na). Even though Na, along with Al, is one of 

the main components of emissions from the aluminum industry, 

only 4% of samples contain Na, exceeding the background values. 

The reason is that some elements can be completely dissolved 

during the sample preparation procedure and remain in the water 

after filtration. According to a study conducted for other aluminum 

smelter located in same region,57 only about 10% of Na remains 

in snow cover solid phase, while for Al this value reaches 100%. 

Fig. 5 shows a spatial distribution of Al in snow cover solid phase 

samples in the suburban areas of Shelekhov and Irkutsk cities. 

High values of Kc for Al related with Irkutsk aluminum smelter 

emissions, which settling on the Shelekhov city territory. 
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Fig. 5 Spatial distribution of Al in snow cover solid phase samples in the 

suburban areas of Shelekhov and Irkutsk cities. 

 

 

 

 

 

 

 

 

Fig. 6 Spatial distribution of Si (a), K (b), Ca (c), Ti (d), Mn (e) and Fe (f) 

in snow cover solid phase samples in the suburban areas of Shelekhov and 

Irkutsk cities. 

Quantification of Al in snow cover solid phase by the XRF method 

allows us to clearly assess the pollution areas and find the level of 

pollution by aluminum industry as high. The obtained distribution 

is in a good agreement with the distribution of F obtained for 

investigated area.21 Spatial distribution of Na is presented in 

supplementary materials (Fig. S1). 

Figure 6 shows the spatial distribution for other elements (Si, K, 

Ca, Ti, Mn, Fe) in snow cover solid phase samples in the suburban 

areas of Shelekhov and Irkutsk cities.  

High values of Kc for Si, Ca, Fe, Mn, and Ti related with the 

CHP plant emission, settling on the Irkutsk city territory according 

to the wind rose. As can be seen for Fe distribution (Fig. 6f), 

extremal values of Kc are observed near aluminum smelter, where 

several facilities (cable production, asphalt plant) are located. This 

anomaly has also been observed for Mn for several years and can 

be associated both with operation of CHP plant or city heaters, and 

with the repair of railways. High Kc values for Ca and K may be 

associated with anti-icing treatment of roads. Thus, the proposed 

method allows to assess the degree of industrial pollution of the 

snow cover. 

CONCLUSION 

The proposed XRF method allows to quantify major elements (Na, 

Mg, Al, Si, P, K, Ca, Ti, Mn, Fe) in samples of snow cover polluted 

by industrial emissions. The work showed that the construction of 

calibration curves should be carried out using the preliminary 

analyzed samples of snow cover solid phase by reference methods. 

The RSD values, presenting the comparison of XRF and certified 

techniques (atomic absorption spectrometry, spectrophotometry, 

atomic emission spectrometry) data, did not exceed 1 rel. % for Al, 

Si, Ca, 2 rel. % for Fe, and 7 rel. % for other elements (except for 

Mn, which content did not exceed 0.1% in the samples). Spatial 

distribution of elements in the investigated area allowed us to 

discover the main pollution elements produced by the aluminum 

smelter (Al) and CHP plant (Si, Ca, Ti, Mn, Fe). XRF method has 

the advantage of being simple, cheap, and fast method that can be 

used for studying environmental pollution. 
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