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Abstract

In this study, 27 soil samples were collected for laboratory pretreatment and the total concentration of heavy metal Cd, Cr,

Cu, Ni, Pb, Zn, As and Hg was measured. Pearson correlation analysis was carried out on the measured data after removing

outliers, and the comparison groups with a significant correlation at the level of 0.01 between the concentration of several

groups of elements were obtained. In order to identify effectively source of soil heavy metals by PMF analysis (Positive Matrix

Factorization), we drew the location map in the study area and the concentration distribution of heavy metals. Combining

Pearson correlation analysis, distribution of heavy metal concentration and PMF analysis, we obtained convincing identification

results of heavy metal sources. With C# language and ArcGIS Engine development components, we developed a soil heavy

metal database management system to manage the spatial and attribute data needed in source apportionment for soil heavy

metals, which will provide data support for the latter sustainable research. In this paper, we proposed a sustainable heavy

metal pollution identification research process, SSAPD (sustainable source analysis process based on database), which includes

data collection in the field, laboratory measurement, pretreatment, PMF pollution source analysis and database establishment.

The process can not only effectively identify the source of soil heavy metal pollution, but also realize the continuity of research

and the sharing of data.

1



GEOCHEMISTRY GEOPHYSICS GEOSYSTEMS 

 

Sustainable source analysis process of soil heavy metal pollution combining with 1 

PMF analysis method and database system 2 

H. Jiang1*, Z. Wang1, F. C. Yi1, Q. Q. Cheng1, C. X. Wang1, T. Wang1, and Y. P. Zhang1, 3 

Q. Sun1 4 

1. School of Environment and Resource, Southwest University of Science and Technology, 5 

Mianyang, China 6 

Corresponding author: Zhe Wang (wz2004@126.com)  7 

Key Points: 8 

• The database platform can manage and share spatio-temporal data of soil heavy metals 9 

well. 10 

• The process proposed in the paper can realize the continuity of research and the sharing 11 

of data. 12 

  13 

wz2004@126.com


GEOCHEMISTRY GEOPHYSICS GEOSYSTEMS 

 

Abstract 14 

In this study, 27 soil samples were collected for laboratory pretreatment and the total concentration 15 

of heavy metal Cd, Cr, Cu, Ni, Pb, Zn, As and Hg was measured. Pearson correlation analysis was 16 

carried out on the measured data after removing outliers, and the comparison groups with a 17 

significant correlation at the level of 0.01 between the concentration of several groups of elements 18 

were obtained. In order to identify effectively source of soil heavy metals by PMF analysis 19 

(Positive Matrix Factorization), we drew the location map in the study area and the concentration 20 

distribution of heavy metals. Combining Pearson correlation analysis, distribution of heavy metal 21 

concentration and PMF analysis, we obtained convincing identification results of heavy metal 22 

sources. With C# language and ArcGIS Engine development components, we developed a soil 23 

heavy metal database management system to manage the spatial and attribute data needed in source 24 

apportionment for soil heavy metals, which will provide data support for the latter sustainable 25 

research. In this paper, we proposed a sustainable heavy metal pollution identification research 26 

process, SSAPD (sustainable source analysis process based on database), which includes data 27 

collection in the field, laboratory measurement, pretreatment, PMF pollution source analysis and 28 

database establishment. The process can not only effectively identify the source of soil heavy metal 29 

pollution, but also realize the continuity of research and the sharing of data. 30 

Keyword: Soil heavy metal, PMF, Database, GIS, Source apportionment, SSAPD. 31 

1 Introduction 32 

At present, the hazard caused by pollution of soil heavy metals has attracted worldwide 33 

attention, including ecological stability, food security, sustainable economic development and 34 

human health and safety. Compared with developing countries, developed countries pay more 35 

attention to environmental contamination and formulate corresponding measures in the process of 36 

economic progress. Therefore, the harm degree of pollution of soil heavy metals in developed 37 

countries is relatively lower. In the developing countries, pollution of soil heavy metals in China 38 

and Russia among the most populous developing countries continues to threaten human health and 39 

sustainable economic development (Barsova et al., 2019; Huang et al., 2018; Yang et al., 2018). 40 

Based on data published in open scientific journals and environmental agency reports, Barsova et 41 

al. (2019) used a number of relevant pollution assessment indicators to assess the current situation 42 

and changes of pollution of soil heavy metals in Russia, a developing country. They found that the 43 

level of pollutants in soil near industrial enterprises remains high in most parts of Russia because 44 

soil accumulate metals in the bound species. Yang et al. (2018) assessed soil heavy metal 45 

concentration and estimated the ecological and health risks on a national scale (in China) using the 46 

data obtained throughout the document retrieval. Their results revealed that pollution of soil heavy 47 

metals and associated threats posed by cadmium (Cd), lead (Pb) and arsenic (As) are more serious. 48 

At the same time, more and more domestic and foreign scholars focus on prevention and control 49 

of contamination of soil heavy metals, including monitoring, evaluation, apportionment of source 50 

and remediation of heavy metal content in soil (Chen et al., 2019; Doabi et al., 2018; Guan et al., 51 

2018; He et al., 2018; Jorfi et al., 2017; Khalid et al., 2017; Vareda et al., 2019).  52 

In order to prevent and respond to its pollution of soil heavy metals effectively, 53 

apportionment of sources is essential. Only by clarifying its source can departments organically 54 

prevent and control its pollution and repair the soil polluted by heavy metals. The commonly used 55 

apportionment models of source of soil heavy metals include the Principal Component 56 

Analysis/Absolute Principal Component Scores technique (PCA/APCS), Positive Matrix 57 
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Factorization (PMF) and the method of isotope labelling method, etc. (Dong et al., 2015; 58 

Gmochowska et al., 2019; Hu et al., 2018; Mehr et al., 2017; Wang et al., 2019; Yang et al, 2020; 59 

Zhang et al. 2018). PMF model constitutes one of apportionment methods of source recommended 60 

by U.S. Environmental Protection Agency (USEPA). It mainly uses the correlation matrix and the 61 

covariance matrix to simplify high-dimensional variables and transform them into several 62 

comprehensive factors. This method does not need to measure complex original spectra, and it is 63 

an apportionment method of source with a simple and effective operation (Chen et al., 2019). By 64 

comparing PMF with PCA, Chen et al. (2019) found that the results of factor analysis of the two 65 

methods were basically consistent. Both of them were well applied to the analysis of sources of 66 

soil heavy metals, but PMF method had more advantages in clarifying the contribution rate of 67 

analytical sources. Although the above studies have done a very comprehensive analysis in terms 68 

of identifying sources of heavy metal pollution, the data are lack of management for sustainable 69 

research. The analysis of sources of soil heavy metals involves complex data, including spatial 70 

location of sampling points, field and indoor data. Moreover, when the data of multiple time 71 

periods have to be summarized, it will become more difficult to manage the data with different 72 

time and location information. In terms of spatial and attribute data involved in source analysis of 73 

soil heavy metals, its sustainability and sharing have to be extended sufficiently. At present, there 74 

are few researches on data management for source analysis of soil heavy metals at home and 75 

abroad. 76 

In this study, the total concentration of Cd, Cr, Cu, Ni, Pb, Zn, As and Hg in soil were 77 

measured by wet digestion combined with ICP800DV instrument, and the distribution 78 

characteristics and correlation characteristics of the heavy metal concentration in soil in project 79 

region were analyzed. At the same time, this article used PMF model to identify the source of 80 

heavy metals in soil based on Pearson correlation analysis and distribution characteristics of heavy 81 

metal concentration. The purpose of this paper is to propose a sustainable research process for 82 

identification of the source of soil heavy metal pollution. The process is able to store data with 83 

integrity constraints into the database in an organized way, which will provide data support for 84 

future studies, such as identification of source of soil heavy metals and remediation of soil polluted 85 

by heavy metals under multi-temporal conditions.  86 

2 Materials and Methods 87 

2.1 Study area 88 

The project region covers almost 0.37 km2 between longitude 27°5′30″N to 27°6′5″N and 89 

latitude 102°10′2″E to 102°10′20″E in Panzhihua city, Sichuan province, China. There is a hot dry 90 

subtropical valley climate, with annual mean rainfall of 1112.6mm and an average (lowest-highest) 91 

temperature of 19.7(-2.4 to 40.3) ℃. The details of wind direction in Miyi are shown in Table 1 92 

and Fig.2. The distribution of factory, residence, road, river and project region (mainly planting 93 

mango) is shown in Fig.1. In this study, the soil samples were collected from the project region 94 

planted with mango trees, and there were two iron powder factories, in the west-north and due 95 

south of the project region within 3 km respectively. 96 
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 97 

Fig 1. Map of the study area 98 

 99 

Fig 2. Rose diagram of wind direction 100 

Table 1. Historical wind direction statistics from January 1, 2011 to December 1, 2019 in 101 

Miyi 102 

Wind 

direction 
N NE E SE S SW W NW 

No fixed  

wind direction 
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Days 128 429 84 109 1612 218 172 180 254 

Frequency 0.04 0.13 0.03 0.03 0.51 0.07 0.05 0.06 0.08 

2.2 Sample collection and preparation 103 

Considering the spatial homogeneity of samples, topography in the study area, layout of 104 

factories and resident place, and the distance from the main road, we set collecting sites just like 105 

the location of sampling points in Fig.1. The land-use types mainly involve forest land (primarily 106 

planting mango trees) and industrial land. A total of 27 topsoil (0-20 cm) samples is collected in 107 

the project region, and the coordinates of each sample is recorded by GPS (Global Positioning 108 

System). Being a composite of five subsamples within 100 m2, each soil sample is collected in a 109 

sealed polyethylene bag (Zhang et al., 2018). 110 

The soil is air-dried at room temperature, homogenized, and ground to pass through a 0.15 111 

mm mesh nylon sieve for measuring soil pH and total heavy metal. In the process sifting the soil, 112 

the tools, especially the mesh nylon sieve, used in this process are dried in an air-circulating oven 113 

at 50 ℃ and reused again after being thoroughly washed and rinsed with deionized water. As 114 

general characteristics, soil pH is measured by tester of pH in 1:2.5 soil to water ratio mixture (Niu 115 

et al., 2013). 116 

2.3 Sample digestion extraction 117 

Total heavy metal in soil is digested by high-pressure digestion. 0.15g of 0.15 mm sieved 118 

soil is put into a Teflon tank with 5mL HNO3(ρHNO3 = 1.42g/mL) for removal of organic matter 119 

in half an hour, then mixed by 2 mL H2O2(ρH2O2 = 1.49g/mL) and 2mL HF(ρHF= 1.49g/mL), 120 

covered and tighten with a steel-less sleeve, put into a constant temperature drying box at 180℃ 121 

for 4 h, cooled to room temperature, moved to a colorimetric tube, and filled with 2% nitric acid 122 

solution until volume to 25 mL for further analysis. 123 

2.4 Heavy metal concentration analysis 124 

Total heavy metal in digested solution is measured using inductively coupled plasma 125 

emission spectrometry by an Inductively Coupled Plasma-Atomic Emission Spectrometer 126 

(ICP800DV, TMO, USA) in Southwest University of Science and Technology Analysis and 127 

Testing Center in Sichuan province, China. The detection limit of the instrument is generally from 128 

tens ug/L to hundreds ug/mL. 129 

For quality control, reagent blank and an external reference material are integrated into 130 

each batch of digestion and analysis. Precision of replicating analysis is more than 95%. The risk 131 

control standard for soil contamination of agricultural land we used is the GB 15618-2018 which 132 

is issued by the State General Administration of Market Supervision and administration, Ministry 133 

of Ecological Environment, in China. 134 

2.5 Descriptive and spatial statistics 135 

Descriptive statistics on total concentration of soil heavy metals are obtained. The 136 

correlation among concentration of heavy metals in soil and soil properties is determined. Log or 137 

None transformed heavy metal data obeys normal distribution by the Kolmogorov-Smirnov test. 138 

Spatial distribution of total heavy metal is determined through IDW (Inverse Distance Weighting) 139 

by using geostatistical analyst module of ArcGIS. Furthermore, we adopt the validation method 140 
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‘cross validation’ to compare the simulating result and the corresponding measurement 141 

concentration of total heavy metal. The validation results are detailed in 3.2 below. 142 

3 Results and analysis 143 

3.1 Concentration of heavy metals in soil 144 

The soil pH in project region ranges from 4.886 to 8.068(mean = 5.954, n=27) with a 145 

coefficient of variation (CV) 13%, which show that this zone is almost in a weak acidic 146 

environment. The soil samples exhibit a wide range of Cd concentration, from 0.684 to 6.079 147 

mg/kg (mean = 3.635 mg/kg, median = 3.241 mg/kg, n=27), with a CV (38%). More details were 148 

showed in Table 2. 149 

Table 2 Descriptive statistics of total heavy metal concentration in soils and coefficient of 150 

variation (CV) of 27 specimens in project region 151 

Concentration 

(mg/kg) 
    CV 

(%) 
 Min(mg/kg) Max(mg/kg) Median(mg/kg) Mean(mg/kg) 

Soil total Cd 0.684 6.079 3.241 3.635 38 

Soil total Cr 30.416 577.828 79.972 132.062 86 

Soil total Cu 16.963 242.918 34.256 67.347 90 

Soil total Ni 9.259 211.184 38.305 57.353 74 

Soil total Pb 13.918 59.361 26.041 26.861 36 

Soil total Zn 10.274 121.253 69.547 63.726 38 

Total Cd in all soil samples exceed the most generous critical value of Cd concentration in 152 

the risk control standard for soil contamination of agricultural land (GB 15618–2018) (0.6 mg/kg, 153 

pH>7.5). Total Pb is much lower than the most stringent critical value of Pb concentration in (GB 154 

15618-2018) (70 mg/kg, pH ≤ 5.5), as well as total Zn (200 mg/kg, pH ≤ 5.5 for GB 15618-2018). 155 

Total concentration of Cr, Cu and Ni, at least one, is higher than the most generous critical value 156 

of its concentration in (GB 15618-2018), such as Cr(150 mg/kg, pH ≤ 5.5), Cu (150 mg/kg, pH ≤ 157 

5.5) and Ni (60 mg/kg, pH ≤ 5.5).  158 

There are no statistically significant correlations between pH and concentration of total Cd, 159 

Cr, Cu, Ni, Pb, Zn, respectively. Total Cd in soil shows a significant positive correlation with Cr 160 

(R=0.763**), Cu (R=0.779**), Ni (R=0.803**) and Zn (R=0.827**) at the 0.01 level. Total Cr in 161 

soil also represents a positive correlation with Cu (R=0.581**), Ni (R=0.956**) and Zn 162 

(R=0.559**) at the 0.01 level. Total Cu in soil still exhibits a positive correlation with Ni 163 

(R=0.661**) and Zn (R=0.742**) at the 0.01 level. There’s a positive correlation between 164 

concentration of total Ni and Zn (R=0.599**), at the 0.01 level. More information is presented in 165 

Table 3. 166 

Table 3 Pearson correlation coefficient (PCC or R) between concentration of total Cd, Cr, 167 

Cu, Ni, Pb, Zn and the soil pH respectively 168 

PCC or R        

 pH Cd Cr Cu Ni Pb Zn 

pH 1       

Cd 0.321 1      

Cr 0.295 0.763** 1     
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Cu 0.401* 0.779** 0.581** 1    

Ni 0.343 0.803** 0.956** 0.661** 1   

Pb -0.075 0.035 -0.165 -0.274 -0.213 1  

Zn 0.344 0.827** 0.559** 0.742** 0.599** 0.074 1 

*  Correlation is significant at the 0.05 level. 169 

** Correlation is significant at the 0.01 level. 170 

3.2 Topsoil heavy metal spatial distribution 171 

The results of validation of simulating total heavy metal concentration in ArcGIS showed 172 

that the interpolation results are meaningful with the Mean Standardized closed to 0 and the Root-173 

Mean-Square standardized prediction error approaching to 1. Based on results of interpolation, we 174 

found total Cd in soil exhibited lower concentration in the center of the project region where total 175 

Pb represented higher inversely, and radially increased towards the periphery, with significant Cd 176 

concentration zones in the northwest and non-significant in the south, similar to the spatial 177 

distribution of total Cr, Cu, Ni and Zn. More details of distribution of total Cd, Cr, Cu, Ni, Pb and 178 

Zn were shown in Fig.3. 179 

 180 
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Fig 3. Concentration distribution of soil heavy metals in the project region. (a) Total Cd 181 

concentration (mg/kg), (b) Total Cr concentration (mg/kg), (c) Total Cu concentration (mg/kg), (d) 182 

Total Ni concentration (mg/kg), (e) Total Pb concentration (mg/kg), (f) Total Zn concentration 183 

(mg/kg) 184 

3.3 PMF analysis 185 

The PMF that the U.S. Environmental Protection Agency has recommended for source 186 

apportionment was developed based on Paatero and Tapper (1993,1994) and Paatero (1997). 187 

Source profiles matrix 𝐹𝑖𝑘 and source contributions matrix G𝑘𝑗 of pollution can be calculated by 188 

the PMF model (Guan et al., 2018), as shown in Equations (3-1). 189 

𝑋𝑖𝑗 = ∑ (F𝑖𝑘𝐺𝑘𝑗)𝑝
𝑘=1 + 𝐷𝑖𝑗          (𝑖 = 1, 2,   , 𝑁; 𝑗 = 1,2,   , 𝑀)                  (3-1) 190 

Where i , j is the number of samples and chemical species respectively, and Xij is the 191 

concentration of the jth heavy metal pollutant in the ith sample, and F𝑖𝑘 is the contribution of the 192 

kth source in the ith sample, and 𝐺𝑘𝑗 is the contribution of concentration of the jth pollutant in the 193 

kth source, and the 𝐷𝑖𝑗 represents the random error. 194 

Factor profiles and factor contributions are determined by the PMF model minimizing the 195 

objective function Q (Equation (3-2)). 196 

𝑄 = ∑ ∑ [
𝑥𝑖𝑗−∑ F𝑖𝑘𝐺𝑘𝑗

𝑝
𝑘=1

𝑢𝑖𝑗
]

2
𝑀
𝑗=1

𝑁
𝑖=1                                                (3-2) 197 

For PMF analysis, two input files are essential, including one that records the concentration 198 

of the sample species and another one that records the uncertainty. The uncertainty of 199 

concentration is calculated as following Equation (3-3 and 3-4). 200 

𝐹𝑜𝑟 𝑐 ≤ 𝑀𝐷𝐿, 𝑢𝑖𝑗 = 5/6 × 𝑀𝐷𝐿                                             (3-3) 201 

𝐹𝑜𝑟 𝑐 > 𝑀𝐷𝐿, 𝑢𝑖𝑗 = √(𝑒𝑟𝑟𝑜𝑟 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 × 𝑐)2 + 𝑀𝐷𝐿2                           (3-4) 202 

Where c and MDL are the concentration of the chemical species and the species-specific 203 

method detection limit respectively, and error fraction is a percentage of the measurement 204 

uncertainty (Guan et al., 2018). 205 

3.3.1 Removing outliers using the scatter plot 206 

In order to study whether outliers could affect the results of PMF analysis, Wei et al. (2018) 207 

conducted PMF analysis with the data with and without outliers respectively. They found that, by 208 

comparing the results with eliminating outliers and not, the composition spectrum and the number 209 

of pollution sources was both the same, but the total contribution rate of each pollution source 210 

changed. The outliers must be removed in order to effectively identify the sources of pollutants. 211 

Scatter plot is a commonly used outlier test method. Through Pearson correlation analysis, 212 

two significantly correlated elements at the level of 0.01 are respectively used as X and Y axes to 213 

draw a scatter plot. The sample number of outliers was determined by the scatter plot, and outliers 214 

were removed.  215 

According to the correlation analysis results in Table 3, two elements with high correlation 216 

between elements were selected as X and Y axes, respectively, to draw a scatter diagram. There 217 

were two outliers, and names of the sampling point were M43 and M58, respectively. Two typical 218 

scatter diagrams were selected, as shown in Fig.4. The points circled in the black box are outliers. 219 
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 220 

Fig 4. Scatter diagram. (a) The concentration of Cd is the horizontal axis, and the concentration 221 

of Cr is the vertical axis. (b) The concentration of Cr is the horizontal axis, and the concentration 222 

of Cu is the vertical axis. 223 

3.3.2 Analysis of pollution source of heavy metals using PMF model 224 

In general, PMF model requires the preparation of two types of data, including 225 

concentration and uncertainty. Before using PMF 5.0 for pollution source analysis, the signal-to-226 

noise ratio (S/N) was calculated based on concentration and uncertainty. 227 

Eberlv S (2005) indicated in the user manual that the PMF model calculated the signal-to-228 

noise ratio (S/N) according to the concentration and uncertainty. After initially loading the element 229 

data, the signal-to-noise ratio (S/N) was greater than 2, which was defined as "strong". In order to 230 

get reasonable results, the user needs to debug the "strong", "weak" and the number of factors of 231 

the element several times after running the model, so that the fitting coefficient of the 232 

measured/simulated concentration of the element is greater than 0.5, and the difference between 233 

the Q value and the theoretical Q value is less than 10%. 234 

The source contribution rate of heavy metal elements obtained through PMF model 235 

analysis is shown in Table 4. Jia et al. (2013) found that Zn in some living areas in Zhangzhou city 236 

was significantly higher than that in other areas due to the large flow of people and garbage 237 

accumulation. On site, we found that there was more than one garbage accumulation site in the 238 

project region, which was used to store household garbage and rotting and substandard mangoes. 239 

The contribution rate of source 1 to Zn was as high as 41.47% and higher than the other four 240 

sources. Therefore, it is speculated that source 1 is living source. 241 

By using PMF 5.0 analysis, we can directly understand that Pb is mainly affected by 242 

pollution source 4 and source 2. Chen et al. (2019) found that one of the sources of Pb was emission 243 

from motor vehicle exhaust and automobile wear. Because the project region is located in the 244 

countryside, there is not much traffic except during the mango harvest season. Total concentration 245 

of Pb in all soil samples is much lower than the most stringent critical value of Pb concentration 246 

(GB 15618-2018) (70 mg/kg, pH ≤ 5.5). Combined with the concentration distribution in the 247 

project region, the concentration of Pb decreasing to the surrounding areas shows around the only 248 

housing area in the project region. The distribution of the concentration of soil heavy metals is 249 



GEOCHEMISTRY GEOPHYSICS GEOSYSTEMS 

 

consistent with the phenomenon that there is more traffic in the vicinity of residential buildings 250 

than in the outer surrounding areas. The concentration distribution of Pb is quite different from 251 

that of Cd, Cr, Cu, Ni and Zn, as shown in Fig. 3. The contribution rate of source 2 to Pb is as high 252 

as 32.09%, while the contribution rate to Cd, Cu, Ni and Zn was all less than 6.5% (except that Cr 253 

was 19.24%). Therefore, it can be pointed out explicitly that source 2 is the traffic source. 254 

Mineral resources are rich in Pan-Xi region, and the smelting amount of ore is huge with 255 

up to 2926944 tons of smelting slag at the end of 1997. In the smelting process of zinc ore, copper 256 

ore and other ores, heavy metals such as Cd, Cr, Cu, Ni and Zn entered the environment and 257 

accumulated due to improper treatment of early smelting waste residue (Xu et al, 2000). From the 258 

map of the study area shown in Fig.1, we can find that there are two factories that make fine iron 259 

powder within 3 km near the project region. The larger factory is located in the northwest with a 260 

total area up to 0.5 km2. The raw material of these two factories is just right ore. The production 261 

activities of the them will lead to increasing contents of certain heavy metal. PMF analysis showed 262 

that, except Pb, source 3 had a certain contribution rate to Cd, Cr, Cu, Ni and Zn, and to Cu was 263 

as high as 54.33%. Combined with the concentration distribution of soil heavy metals shown in 264 

Fig.3, we found that the contents of soil heavy metals (including Cd, Cr, Cu, Ni and Zn) decreased 265 

with increasing distance from the bigger iron powder plant's industrial, central area. Therefore, it 266 

inferred that the source 3 is the industrial source.  267 

The contribution rate of source 4 to Cd, Pb and Zn was greater than 25%. It can be seen 268 

from table 1 that the variation coefficients of these three elements are smaller than those of other 269 

metal elements, indicating that the spatial variation degree of these three elements is small, and 270 

they are not significantly affected by human activities, like the ideas in earlier studies (Wei et al., 271 

2018). Therefore, it is inferred that source 4 is the soil parent material and belongs to the natural 272 

source. 273 

Due to its unique southern subtropical climate, Pan-Xi region is one of the famous hot crop 274 

areas in China. It has the greatest potential for agricultural resources’ development in Sichuan 275 

province and the most prominent characteristics of agricultural products. Miyi county is the 276 

national key agricultural base during the period between 1991 and 1995. Cd, Cu, Cr and Pb in 277 

phosphate fertilizer entered the soil and accumulate when farmers applied phosphate fertilizer to 278 

crops in pursuit of high yield (Chen et al., 2009; Lu and Shi, 1992; Wu and Wang, 2000; Wang, 279 

2014; Zhou et al., 2008). But under normal planting activities, the effect of phosphate fertilizer is 280 

limited and localized when applying on the accumulation of trace elements in the receiving soil 281 

(Jiao et al., 2012). Uprety et al. (2009) analyzed the effects of long-term application of organic and 282 

inorganic fertilizers on total concentration of trace elements of heavy metals in cultivated land on 283 

a permanent arable field exiting more than 50 years, and found that total concentration of As, Cd 284 

and Cr were highest in single superphosphate, those of Cu, Mn and Ni were highest in poultry 285 

litter and those of Pb and Zn were highest in dung water. According to information collected from 286 

field trips, nearby residents are located at the lower elevation in the project region which requires 287 

a large area of fertilization, which makes it more difficult for human to fertilize with dung water, 288 

which is in accordance with the PMF analysis results that the contribution rate of source 5 to Pb 289 

and Zn is small. In order to improve the quality of planting products, farmers had to use phosphate 290 

fertilizers and organic fertilizers (such as poultry litter) with low water content and easy to carry 291 

on, and induced Cd, Cr, Cu and Ni enter the soil, which is just in accordance with the high 292 

contribution rate of source 5 to Cd, Cr, Cu and Ni. In summary, source 5 is the agricultural source. 293 

Based on the risk control standard for soil contamination of agricultural land (GB 15618–2018), 294 
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the exceeding rate of Cd in the project region is much higher than that of other heavy metal. 295 

However, the contribution rate of the source 5 to Cd is less than that of Cr, Cu and Ni, which 296 

indicates that source 5 is not the main reason for the exceeding of Cd. 297 

Table 4 Source contribution rate of elements of the sample set by PMF 298 

Element 
Source contribution rate/% 

Source 1 Source 2 Source 3 Source 4 Source 5 

Cd 25.99 6.42 13.46 30.25 23.87 

Cr 19.15 19.24 15.39 <0.01 46.22 

Cu <0.01 <0.01 54.33 2.80 42.86 

Ni 23.31 <0.01 17.91 22.00 36.78 

Pb 18.34 32.09 <0.01 47.72 1.85 

Zn 41.47 4.29 28.92 25.32 <0.01 

The linear fitting correlation coefficient r2 of Cr, Cu, Pb and Zn models obtained through 299 

PMF analysis was greater than 0.99, showing a great correlation (except that r2 of Ni and Cd was 300 

0.96 and 0.93 respectively). 301 

3.4 Establishment of soil heavy metal database platform 302 

In order to conduct sustainable research in this project region for future multi-temporal 303 

research, we built a database management platform for soil heavy metals by using the object-304 

oriented advanced computer programming language C#. The database platform using structured 305 

query language SQL conduct attribute query and spatial query on the sampling points. Users can 306 

obtain the spatial and attribute information of the sampling points efficiently, and realize the 307 

connection and communication with the database. 308 

3.4.1 Content of the database 309 

The soil heavy metal database manages the spatial, attribute and multimedia data of the 310 

sampling points. 311 

1) Spatial data includes remote sensing images, building graphics, road data and other 312 

relevant data of the project region, remote sensing image data such as remote sensing digital 313 

orthophoto image, and graphic data such as sampling points, factory and residential distribution of 314 

the study area. 315 

2) The attribute data related to spatial elements is a sheet which reflects the characteristics 316 

of associated elements in a particular way, mainly including the concentration data of heavy metals 317 

measured in laboratory, soil property data, and some other information related to pollution index. 318 

Researchers can extract the data needed by the research through this platform from these property 319 

sheets and build the corresponding data table. 320 

3) Multimedia data is an important part of soil heavy metal data, including images taken 321 

during the collection of soil samples, hand-drawn sampling site plans and sections. 322 

The structure of soil heavy metal database is shown in Fig.5 (a). 323 
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3.4.2 Structure design of the database 324 

1) Conception framework design 325 

The main work in the conception framework design stage is to abstract the user 326 

requirements obtained from the requirement analysis into the information structure diagram, which 327 

is the key of the whole database design. E-R diagram of conception framework design of soil heavy 328 

metal database is shown in Fig.5 (b): 329 

 330 

Fig 5. Structure diagram.  (a) Structure of database. (b) Structure of conceptual design, E-R 331 

2) Logic framework design of attribute data 332 

The task of this stage is to transform the conceptual structure into a relational model and 333 

realize the logical framework design of the data. The sampling point objects determined in the 334 

conception framework design and their soil property data, heavy metal concentration data, 335 

pollution index data and location information were converted into a relational model and assigned 336 

attributes. 337 

3) Physical framework design 338 

The data logic model of soil heavy metal database adopts a three-level hierarchical logical 339 

structure, including a database partition, element data set and element data. All the data of the same 340 

spatial reference are stored in the same spatial database. ArcCatalog equipped with ArcGIS is used 341 

to manage the spatial data of the sampling points. The attribute information of the sampling points 342 

is stored in the relational database, and the relational data are used to establish it. 343 

3.4.3 Establishment of the data table 344 

Before the establishment of the database, the data should be classified and processed, and 345 

the attribute data describing a characteristic of the sampling point should be classified into one 346 

kind to make the attribute data clear and orderly, and prepare for the entry of the attribute data. 347 

Considering that the soil heavy metal database will store different temporal data to provide data 348 

support for the later multi-temporal analysis, the attribute database needs to add temporal attributes 349 

for each record to be stored. A two-dimensional property table is constructed with the basic 350 

information of sampling points and stored in the database, as shown in Table 5. 351 

Tabel 5 Basic information of sampling points 352 
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Field Name Description Data type Length 

Code The coding method used in field sampling String 254 

ID The encoding method used for data entry String 50 

Province 
The province where the sampling point is 

located 
String 254 

County 
The county where the sampling point is 

located 
String 254 

Study region Name of sampling area String 50 

Longitude (°) Longitude in decimal Double 15 

Latitude (°) Latitude in decimal Double 15 

Cd Total measured value of heavy metal Cd Double 15 

Ni Total measured value of heavy metal Ni Double 15 

Cr Total measured value of heavy metal Cr Double 15 

Sb Total measured value of heavy metal Sb Double 15 

As Total measured value of heavy metal As Double 15 

Hg Total measured value of heavy metal Hg Double 15 

Zn Total measured value of heavy metal Zn Double 15 

Comprehensive 

Nemero index of 

pollution 

Nemero pollution index is one of the 

indexes that express the comprehensive 

pollution of heavy metal at home and 

abroad. 

Double 15 

Soil property Soil type at sampling site String 254 

Time Field sampling time Date Time 8 

3.4.4 Development of a database management system 353 

1）Main interface design 354 

The main interface of the system is divided into five parts, and the top is the menu bar, 355 

through which all the functional modules of the system can be directly accessed. The middle part 356 

is the workspace, which is used to respond to the user's operation on the spatial data and the display 357 

of the spatial data, such as highlighting the sample points retrieved by the query function. On the 358 

left side of the workspace is the layer controller, through which you can set the selected layer not 359 

to be displayed or even delete it. The right side of the workspace is the legend display column. The 360 

main interface of the system is shown in Fig 6. 361 
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 362 

Fig 6. System main interface 363 

2）System architecture design 364 

In order to improve the efficiency of data editing, retrieval and analysis, the system adopts 365 

the method of joint analysis and processing of spatial and attribute data. ArcGIS Engine provides 366 

object library encapsulated according to the COM standard, supports cross-platform development, 367 

and realizes advanced analysis functions such as topology and network (Han et al., 2008). The 368 

system is divided into 7 modules based on ArcGIS Engine technology, including data collection 369 

and quality control, database management, query statistics, spatial analysis, data product services 370 

and thematic mapping. To enhance the independence of the parameter transfer, the system is 371 

divided into relatively independent functional components that communicate with each other based 372 

on interfaces. The software adopts the C/S structure, namely Client/Server structure. The specific 373 

structure system consists of data layer, GIS processing layer and service layer, which are 374 

respectively responsible for realizing data management access, GIS task processing, user 375 

interaction and other functions to improve the flexibility and maintainability of the system, as 376 

shown in Fig.7. 377 
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 378 

Figure 7. System frame diagram 379 

3）System function design 380 

Map visualization 381 

Generate the point layer according to the coordinates of the sampling points and load it into 382 

the current workspace, while loading the required property data in the sheet of the layer. In addition 383 

to being used to display map, the map workspace also includes scale, layer management bar, status 384 

bar displaying dynamic coordinates and etc. Considering the user's operating habits, the system 385 

has the functions of roaming, zooming in, zooming out, selecting and view switching. 386 

Data entry and update 387 

After the database design is completed, the data will be entered into the database through 388 

the program interaction interface. The new data entered from the interface will be stored in the 389 

attribute database regularly, and the corresponding data will also be entered into the spatial 390 

database synchronously. Multimedia data is the data that record the scene, and the system can 391 

manage the data that the multimedia tool such as mobile phone, camera obtains. When the original 392 

data in the database needs to be updated, the user can modify the data through the database 393 

management interface. 394 

Data query and spatial analysis 395 

The query mode of database is divided into conditional and spatial query. Conditional 396 

query includes query by unique identifier, attribute of sampling point and value of all cells in the 397 

attribute table. Spatial query includes four methods: point, line, rectangle and circle query. The 398 
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idea of the algorithm is that after drawing points, lines, circles and rectangles in the workspace, 399 

the data content of sampling points within the drawn graph is selected, and the query results are 400 

highlighted in the workspace. The results can be exported as a table for editing and sharing. 401 

Soil heavy metals are often collected in area disturbed by human activities, and the samples 402 

collected are generally topsoil in the project region. As the location of soil samples is discretized, 403 

to obtain the spatial distribution of heavy metals in topsoil, a variable value should be estimated at 404 

the unsampled points by using the spatial interpolation method. In order to accurately obtain the 405 

spatial distribution of heavy metals in the local high background value area, IDW (Ma et al., 2018) 406 

method was selected as the spatial interpolation method embedded in the system. 407 

Data output and thematic map production 408 

Users can use the system to edit the symbol style of the layer, and make thematic maps 409 

such as bar chart, pie chart and heavy metal concentration distribution map according to specific 410 

requirements. After completing the graphic finishing, the map can be exported to a variety of 411 

common picture formats for reference. 412 

4 Discussions 413 

4.1 The main sources of excessive heavy metal concentration 414 

The study showed that heavy metal elements Cd, Cr, Cu and Ni in the project region had 415 

at least one sampling point exceeding the standard value respectively. Specially, the exceeding 416 

standard rate of total Cd concentration is 100%. Based on PMF analysis, correlation analysis and 417 

distribution of soil heavy metal concentration and distribution of pollution source factories, 418 

residential area, river and road in the project region, the study identified five sources of soil heavy 419 

metals in the project region, including living, traffic, industrial, natural and the agricultural source. 420 

As the concentration of Zn and Ag in the project region was lower than the lower limit value of 421 

instrumental detection, effective data could not be measured. These two elements were not 422 

included in the analysis for the time being, leading to the inability to further identify agricultural 423 

source. It was the pity and deficiency of this experiment. Fortunately, there were abundant 424 

researches on heavy metal pollution in Pan-Xi region. Combined with their research data and our 425 

experimental results, we successfully identified the pollution source. 426 

4.2 The necessity and benefits of building a database platform 427 

Apportionment of the source is only a branch of the research on prevention and control of 428 

contamination of soil heavy metals, of which the rest includes the monitoring, evaluation and 429 

remediation of soil heavy metal pollution. In order to facilitate the complete transmission of data 430 

among different researches of heavy metal pollution and realize the sharing and manageability of 431 

data, the establishment of a database platform with powerful data management and sharing 432 

capabilities is an option. The database platform of soil heavy metals has the advantages of easy 433 

management and sharing. Through the data management interface, users can easily input, update 434 

and delete data, and use the modules of query and export quickly to locate requirements and export 435 

data, to realize data sharing. When the data stored in the database reach a certain amount, the 436 

research that needs long-term data can be supported by the database platform, so that the research 437 

can be carried out. For example, remediation of heavy metal pollution and trend analysis dealing 438 

with data in different time phases both require support for heterogeneous data. Similarly, 439 
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comprehensive data are required for the accurate identification of soil heavy metal pollution source, 440 

which needs long-term investigation and monitoring to obtain reliable data. 441 

The database platform performed quite well in providing convenience for management and 442 

sharing of data. Data related to soil heavy metal pollution and collected in different regions and at 443 

different stages can be stored in the database in an organized way so that researchers can query 444 

and export the data through attribute or spatial query. By using the visual interface of the database 445 

platform, the spatial distribution of data can be intuitively obtained, as shown in Fig.6. To sum up, 446 

it is necessary to establish soil heavy metal database platform for the research of soil heavy metal 447 

pollution tracking and remediation. 448 

4.3 Prospect 449 

In the future, in order to give full play to the advantages of data management, the system 450 

should have the function for statistical analysis, by which the corresponding analytical results of 451 

heavy metal pollution be able to be gotten directly using some built-in analysis method in the 452 

system, such as principal component analysis and PMF analysis. Furthermore, based on the stored 453 

multi-temporal data, the system can analyze the change trend of heavy metal pollution in the 454 

project region over time and provide suggestions for its remediation. The next version of the 455 

platform should integrate the management and statistical analysis of heavy metal pollution data, 456 

and be able to provide quick analysis results based on pollution tracking and remediation module. 457 

5 Conclusions 458 

A sustainable research process, SSAPD (sustainable source analysis process based on 459 

database), for source apportionment of soil heavy metals was explored, including field sampling, 460 

indoor data measurement, PMF pollution source identification and analysis, and the construction 461 

of soil heavy metal database. The performance of the research process was evaluated by applying 462 

it to source identification of soil heavy metals in a mango growing region located at Miyi county, 463 

Panzhihua city, and the final conclusions can be summarized as follows: 464 

• Under the guidance of SSAPD, we successfully identified five sources of soil heavy metal 465 

pollution in project region, including the living, traffic, industrial, natural and agricultural 466 

source. 467 

• A database platform was built, which can realize the management and sharing of data in 468 

source identification research of soil heavy metals. Combined with the visual interface of 469 

the database platform, it is able to provide convenience for researchers to query and analyze 470 

the data stored in database. 471 

• Through management of data by the database platform, the sustainability of the research 472 

and data is maintained to a certain extent, enabling researchers to use the data for trend 473 

analysis and remediation and other research fields when the amount of data is accumulated 474 

enough for the analysis at next stage. 475 

Generally, the SSAPD presented in this article can provide some insights on source 476 

apportionment for soil heavy metals. However, in terms of limited availability of stored soil heavy 477 

metal data, the advantages of database managing large amounts of multi-temporal data cannot be 478 

well demonstrated. Furthermore, the application of this process to the analysis of multi-temporal 479 

data is required to improve the reliability. 480 
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