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Abstract

:

The study deals with the spatio-temporal distribution of heavy metals in the sediments of Chagan lake, Northeast China. The pollution history of heavy metals is studied simultaneously through the 210Pb dating method by analyzing the characteristic of As, Hg, Cd, Cr, Ni, Cu, Pb, and Zn concentration-depth profiles. The potential ecological risk index (RI) and geo-accumulation index (Igeo) were used to evaluate the contamination degree. Principal component analysis (PCA), based on the logarithmic transformation and isometric log-ratio (ilr) transformed data, was applied with the aim of identifying the sources of heavy metals. The element concentrations show that the heavy metals are enriched in the surface sediment and sediment core with a varying degree, which is higher in the surficial residue. The results of Igeo indicate that the Cd and Hg in the surface sediment have reached a slightly contaminated level while other elements, uncontaminated. The results of RI show that the study area can be classified as an area with moderate ecological risk in which Cd and Hg mostly contribute to the overall risk. For the sediment core, the 210Pb dating results accurately reflect the sedimentary history over 153 years. From two evaluation indices (RI and Igeo) calculated by element concentration, there is no contamination, and the potential ecological risk is low during this period. The comparative study between raw and ilr transformed data shows that the closure effect of the raw data can be eliminated by ilr transformation. After that, the components obtained by robust principal component analysis (RPCA) are more representative than those obtained by PCA, both based on ilr transformed dataset, after eliminating the influence of outliers. Based on ilr transformed data with RPCA, three primary sources could be inferred: Cr, Ni, As, Zn, and Cu are mainly derived from natural sources; the main source of Cd and Hg are associated with agricultural activities and energy development; as for Pb, it originated from traffic and coal-burning activities, which is consistent with the fact that the development of tourism, fishery, and agriculture industries has led to the continuous increasing levels of anthropogenic Pb in Chagan Lake. The summarized results and conclusions will undoubtedly enhance the governmental awareness of heavy metal pollution and facilitate appropriate pollution control measures in Chagan Lake.
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1. Introduction


Lake sediments are the terminal point of material accumulation in the River Basin and the reservoir of potential pollution sources (such as heavy metals, organic matter, etc.) entering the lake [1,2,3,4]. The chemical constituents in lake sediments can reflect the weathering and denudation process of rocks in the area, which can act as a good indication for environmental pollution and natural environment changes around the lake [5,6,7]. In addition, there is a certain material exchange between the sediment and lake water. The changes in the lake environmental conditions will potentially lead to the transfer of heavy metals from sediments to lake water, which will become the secondary water pollution sources, potentially affecting water quality and aquatic organisms in the lake [8,9,10,11]. Therefore, it is of particular interest to study the spatial variation of element content in lake sediments, which can be crucial in tracing the source of pollution substances, and to reveal both the environmental variation and the possible influence of human activities on the water quality of the lake.



Chagan Lake is an important ecological barrier, a vital fishery base, and a famous tourist area in the west of Jilin Province. It plays an essential role in regulating climate, protecting regional biodiversity, developing ecological industry, and maintaining regional ecological balance [12,13]. In the past, the water source of Chagan Lake was mainly derived from the Huolin River. However, after the middle and lower reaches of the Huolin River were cut off due to the construction of the Hangali, Xinglong, and Shengli water storage projects, which caused the lake area to shrink, problems have followed one after another. The current water sources carry significant salt and alkali into Chagan Lake after passing through salinized grassland, leading to the salinization of the lake. Additionally, the tourism of Chagan Lake has also achieved unprecedented development, and the Changshan chemical fertilizer plant and thermal power plant have been built nearby. Further, there is some irrigation water from rice production around the lake which has entered Chagan Lake [14]. These may have a certain impact on the water quality of the lake. In addition, under the influence of global climate change and human activities, Chagan Lake has been facing severe ecological and environmental problems (such as agricultural diffuse pollution source, salinization, heavy metal pollution, etc.). Although some studies have assessed the levels of heavy metal pollution in Chagan Lake [14,15,16,17], temporal variations and source identification of heavy metals in sediments remain poorly documented. In this study, surface and core sediment samples collected from Chagan Lake were analyzed for the following specific objectives: (1) to investigate the spatial distribution of heavy metals in surface sediments; (2) to establish a historical record of heavy metal pollution by analyzing the profiles of sediment cores; and (3) to evaluate the pollution intensity of heavy metal using the potential ecological risk index (RI) and geo-accumulation index (Igeo). Based on the logarithmic transformation and isometric log-ratio (ilr) transformation of raw data, principal component analysis (PCA) was applied to distinguish the possible sources of heavy metals, which can provide a scientific basis for the environmental protection of soil ecosystem and comprehensive treatment of heavy metal pollution in this region.




2. Materials and Methods


2.1. Study Area


Chagan Lake is the largest natural lake in Jilin Province and the tenth-largest lake in China. It is located in the Mongolian Autonomous County of Qian Gorlos in the western region of Jilin Province in Northeast China (E 124°03′–124°34′, N 45°09′–45°30′; Figure 1a) [18,19,20]. The surface area of the lake is 372 km2, with an average depth of 1.52 m. The region’s climate belongs to the Continental semi-arid monsoon climate, with an annual average temperature of 4–5 °C. The average yearly precipitation and evaporation level is around 400–500 mm and 1140–1270 mm, respectively. The water storage in the lake, depending on the climate conditions, varies significantly with the seasons. The water source of Chagan Lake derives from the Songhua River, Huolin River, Tao’er River, and Nenjiang River, as shown in Figure 1b. In addition, natural precipitation and groundwater also play a role as ancillary water suppliers for the lake. The region is also a tourist area famous for its salubrious climate and the fishing and hunting festivals in winter.




2.2. Sample Collection and Analysis


Thirty-five surface sediment samples along with one sediment core (depth of 150 cm) were collected from Chagan Lake using a gravity sampler, as illustrated in Figure 1c. Thirty-five surface sediment samples (0–10 cm) were collected with a pre-cleaned and acid-washed polyvinyl chloride (PVC) spade, and immediately placed in acid-washed polyethylene bags. The sediment core taken, sectioned at 4 cm intervals, was stored into polyethylene bags under the condition of 4–6 °C. All samples were transported to the laboratory and air-dried for two weeks at ambient temperature. After that, the dried bulk samples were ground with an agate mortar and sieved at the <100-mesh fraction for further geochemical and radionuclide analysis [21]. The heavy metals concentrations were analyzed with inductive coupled plasma mass spectrometry (ICP-MS) for Cd, Pb, Zn, Cr, Cu, and Ni and an atomic fluorescence spectrometer (AFS) for As and Hg. The measurements were carried out in the Jilin Mineral Resources Supervision and Test Center, Ministry of Land Resources, China. The detection limits and relative errors for standards of the corresponding measurement are shown in Table S1.



The radio-isotope activity determination of the sediment samples was conducted at the Institute of Environment and Sustainable Development, Chinese Academy of Agricultural Sciences (CAAS). The 210Pb activities were analyzed in dry samples (2–5 g) with high-purity germanium (HPGe) detector (BE5030, LABSOCS, Atlanta, GA, USA) after 25 days of storage in sealed containers for radioactive equilibration. The specific activity of 210Pb was obtained from γ-ray counts with 46.5 keV in the energy spectrum, and 226Ra was mainly obtained from the weighted average of γ-ray counts with 351 keV(214Pb) and 609 keV(214Bi) γ-ray counts, respectively. The excess 210Pb activity (210Pbex) of the sediment samples was determined by subtracting 226Ra activity from the total 210Pb (210Pbtot) activity [22]. After the measurement, the spectrum was deciphered by a DSA-1000 digital spectrometer, and the spectrum data were analyzed by Genie-2000 spectrum analysis software. All sediment radionuclide concentrations were described in Bq/kg dry weight. The test’s accuracy and precision were referenced by the Chinese national standard GB/T11743-2013 (radionuclide in the soil of gamma energy spectrum analysis method).




2.3. Contamination and Risk Assessment Methods


2.3.1. Potential Ecological Risk Index


The potential ecological risk index (RI) is widely used to assess the heavy metals contamination of sediments according to the toxicity of heavy metals and the response of the environment [23,24,25,26]. The RI can be evaluated through the following formula [27]:


   C r i  =  C k i  /  C n i   



(1)






   E r i  =  T r i  ×  C r i   



(2)






  R I =  ∑   E r i    =  ∑   T r i  ×  C r i  =  ∑   T r i  × (  C k i  ) / (  C n i  )      



(3)




where    C k i    and    C n i    represent the measured concentration and background concentration, respectively.    T r i    is the element toxicity coefficient. In this study, the toxicity coefficients of As, Hg, Cd, Cr, Cu, Pb, and Zn are 10, 40, 30, 2, 5, 5, 5, and 1, respectively [28].    E r i    is the potential ecological risk index of the heavy metal (i). RI is the potential ecological risk calculated by the overall contamination. The    E r i    and RI are divided into five and four classes depending on the criterion given in Table 1.




2.3.2. Geo-Accumulation Index


The geo-accumulation index (Igeo) is another evaluating indicator often used to assess the pollution in sediments. It takes the influence of human activities and natural geological processes on the background value into account. It can be used to quantitatively evaluate the degree of heavy metal pollution in sediments or other substances [29,30,31,32]. The formula for Igeo is defined as [33]:


   I g     e o   = l o  g 2  (  C k i  / ( 1.5 ×  C n i  ) )  



(4)




where    C k i    is the concentration of the examined heavy metal in the sediment and    C n i    is the geochemical background concentration of the heavy metal (i), and factor 1.5 refers to the possible variation in background values caused by lithogenic and weathering effects. The Igeo for heavy metal is classified in seven classes [33] as the following presentation: Igeo ≤ 0, uncontaminated; 0 < Igeo ≤ 1, slightly contaminated; 1 < Igeo ≤ 2, moderately contaminated; 2 < Igeo ≤ 3, moderately to heavily contaminated; 3 < Igeo ≤ 4, heavily contaminated; 4 < Igeo ≤ 5, severely contaminated; and Igeo > 5, extremely contaminated.





2.4. Data Processing and Analysis


In geochemistry, compositional data are obtained by transforming the raw dataset whose elements sum is one or 100% (i.e., mg/kg of an element in a sample) into proportions of a whole [34]. In environmental science studies, it is generally accepted that the elements analyzed make up the entirety of the soil on the condition [35,36]. Indeed, this issue has been extensively debated and referred to by researchers as the closure problem [37]. It will undoubtedly have implications on the statistical analysis if applied to the raw concentration data. Most standard statistical methods are designed for the Euclidean geometry in real space. Therefore, it is preferable to construct a family of “transformations” from the original sample space of compositional data to the real space, where standard multivariate methods can be applied for their statistical processing [38]. The compositional data analysis methodology is based on the information contained in the ratios of the element concentration. Currently, there are three kinds of transformations in processing and analyzing compositional data, namely, alr (additive log-ratio transformation), clr (centered log-ratio transformation), and ilr (isometric log-ratio transformation). Among these transformations, neither alr nor clr transformations can eliminate the closure effect of compositional data, while ilr transform can open the closed dataset. Furthermore, the variables of a raw dataset are reduced after alr and ilr transformation, which definitely increases the difficulty of result interpretation. However, clr transformed data remains the same number of variables as the raw data. After a comprehensive study of Compositional data, Filzmoser tried to process the ilr transformed data based on PCA with an orthogonal basis and then back transform the result of PCA to clr coordinates, which both overcame the closure effect of compositional data and highlighted the geochemical significance of element association. The ilr and clr transformation formulas involved in this paper are as follows [38,39]:


  y = clr ( x ) =   (  y 1  , … ,  y D  )  ′  =   ( ln    x 1    g ( x )   , … , ln    x d    g ( x )   )  ′  = ln    x  g ( x )    ′   



(5)






  Z = ilr ( x ) =   (  z 1  , … ,  z  D − 1   )  ′  , Z j =     D − j   D − j + 1     ln    x j        ∏  k = j + 1  D    x k      D − j     , j = 1 , … , D − 1  



(6)




where g(x) represents the geometric mean value whose formula is:   g ( x ) =     ∏  k = 1  D   x k    D  = exp (  1 D    ∑  k = 1  D   ln x k   )  ; in Formula (5), the variable x belonging to D-dimensional simplex space is mapped to y of D-dimensional vector space in a one-to-one way; in Formula (6), the variable x belonging to D-dimensional simplex space is mapped to z of D−1 dimensional hyperplane vector space with Zj as the pivot center.



Principal components analysis (PCA), known as one of the most important multivariate statistical methods, is widely used for dimension reduction and variable association evaluation, which was performed on raw and compositional data in this paper. PCA aims to reduce the dimensionality of data and simultaneously preserve the dataset’s inherent variability structure (variance–covariance) [40]. However, the impact of outlier values in the dataset to be analyzed could produce a biased PCA result, which may incur a wrong interpretation of element associations. With the development of robust statistics in the latter 20th century, the improved PCA named Robust principal component analysis (RPCA) was put forward by P.J. Hubcr to tackle this issue [41]. Compared to the conventional PCA method, RPCA constructs a robust covariance matrix to reduce the influence of outliers on covariance, thereby obtaining more reasonable analysis results [42,43,44]. On this basis, logarithmic and ilr transformed datasets along with raw data were chosen as comparative datasets to perform PCA and RPCA, then PC1 and PC2 components scores of different datasets based on PCA and RPCA were selected to construct the biplots. All these aforementioned processing operations can be done in R software, which is freely available on www.r-project.org (accessed on 28 August 2020), with the robCompositions package.





3. Results and Discussion


3.1. Heavy Metal Concentration of Surface Sediments


Figure 2 and Table S2 present the concentration bar charts of heavy metals (As, Cd, Hg, Cr, Ni, Cu, Pb, and Zn) in the surface sediment collected from Chagan Lake. The background values refer to the soil eco-geochemical baseline of the alluvial plain of eastern China and the concentrations of heavy metals in the Songnen Plain soil [45,46]. The concentrations of heavy metal elements ranged from 2.90 to 14.36 for As, 0.05 to 0.34 for Cd, 0.017 to 0.13 for Hg, 24.90 to 72.40 for Cr, 13.75 to 39.70 for Ni, 4.80 to 29.70 for Cu, 4.90 to 69.90 for Pb, and 25.60 to 94.10 for Zn with all units of mg/kg, respectively. The average concentrations of the studied heavy metals descended in the order of Zn (66.83 mg/kg) > Cr (57.60 mg/kg) > Ni (29.68 mg/kg) > Pb (26.56 mg/kg) > Cu (20.73 mg/kg) > As (10.01 mg/kg) > Cd (0.20 mg/kg) > Hg (0.07 mg/kg). The comparison of heavy metals concentrations between the Chagan and other lakes (the Songnen Plain and major lakes in China) showed that the content of heavy metal in the present study was lower than those in the major lakes (Table 2) [47,48], while higher than those in the Nen River, which is the largest tributary of the Songhua River [49]. The variation tendency of heavy metals concentrations was the same as that in the Yueliang Lake flowing into the Nen River, but different from that in the Songhua River [50,51]. The concentration of Pb in Chagan Lake was much higher than that of the Songhua River and Jingpo Lake, with a lower Cd, Ni, and Zn concentration compared to the latter two lakes. [51,52]. Here, as a reference river in eco-toxicological studies, the Nen River was the main water source of Chagan Lake from 1984 to 2007.




3.2. Chronology and Heavy Metals in Sediment Cores


3.2.1. Geological and Chronological Characteristic


Figure 3a shows the geological features of the sediment core, which can be roughly divided into three parts: the upper part was mainly composed of a grey–black/dark-grey–black clayey sand layer intercalated with high organic matter, which contained plant roots and shells. The middle part was a dark-gray sandy clay layer intercalated with sand spots; the lower part was mainly a dark-grey–black sandy clay layer intercalated with iron rust spots and iron nodules.



In the sediment core, 210Pbtotal ranged from 20.78 to 42.56 Bq/kg, with an average of 32.82 Bq/kg; 210Pbex ranged from 0 to 25.46 Bq/kg, with an average of 12.29 Bq/kg. The increase in 210Pbex specific activity with a continuously increasing depth was characterized by exponential decay and narrow amplitude oscillation (Figure 3b). The Constant Rate of Supply (CRS) model was applied here to calculate the age of different layers in the sediment core, and the results reflected the sedimentary history over 153 years (Figure 3c). The average deposition rate of the core was calculated as 2.20 cm/year by the dating results (Figure 3d). The sedimentation rates, lying in 56 cm (10.59 cm/ year) and 28 cm (8.50 cm/year) of the sediment core, were obviously higher as peaks corresponding to 1986 and 1998, respectively. According to the hydrological history of Chagan Lake, the highest water level of Chagan Lake in 1986 reached 131.23 m, which was highly related to the entrance of the Huolinhe and Taoer River flood. Furthermore, the worst flood that happened in Huolinhe and Nenjiang River during 1998, which can be seen as once in hundred years, resulted in the water level of Chagan Lake rising to 132.02 m, which was the highest level in recorded history. These results further prove the accuracy of 210Pbex CRS dating results.




3.2.2. Concentrations and Distribution of Heavy Metals


The vertical distributions of eight heavy metals (As, Hg, Cd, Cr, Ni, Cu, Pb, and Zn) in the sedimental core, indicating historical changes of various pollutants associated with contamination sources, are shown in Figure 4. The average concentrations of heavy metals followed the subsequent decreasing order: Cr > Zn > Ni > Pb > Cu > As > Cd > Hg. Among these elements, each element’s mean value, except for Cd, was higher than the background value. The concentration of As increased with depth, and the high concentration was mainly distributed in the lower part of the core (132–146 cm), while the concentration for Hg, Cr, and Pb remained almost unchanged. The Hg concentration was highest at a depth of 12 cm, suggesting that there may have other potential sources of Hg, probably due to the enrichment of heavy metals incurred by large amounts of coal combustion via the atmosphere subsidence. Moreover, there was a significantly high concentration of Pb and Cr at the depth of 128–146 cm, referring to the period 1900–1950, which can be difficult to interpret. The vertical concentration of Cu, Cr, Ni, and Zn basically followed a similar distribution pattern, showing an inverted C-shape, and the high concentration part corresponded to the middle part (60–104 cm) of the core, which matched the dark gray sandy clay during the period 1970–1986. The continuous increase in heavy metal concentrations could be attributed to the increased volumes of industrial, agricultural, and domestic wastewater during the rapid development period of China’s reform and opening-up policy since 1978 [50].





3.3. Ecological Risk Assessment


The Ei and RI results of heavy metals in the surface sediment and sediment core of Chagan Lake are shown in Table 3. In general, the Ei of As, Cr, Cu, Zn, Pb, and Ni in both surface samples and sediment core was less than 40, indicating a low risk to the ecological environment. As for surface samples, the Ei of Cd ranged from 13.89 to 103.04 (mean 59.81), of which nine samples (27.51%) were ranked as low risk, eighteen samples (51.43%) were classified as moderate risk, and eight samples (22.86%) were categorized as relatively high risk. The Ei of Cd in the sediment core ranged from 15.36 to 43.88 (mean 26.76), of which only one sample (3%) was assessed as moderate risk. In addition, RI in the surface sediment ranged from 57.50 to 283.23 with an average equal to 181.62, indicating a moderate-low risk. While for RI in the sediment core ranged from 45.82 to 160.17 with an average equal to 107.97, indicating a low risk.



Box plots of Igeo in the surface sediment and sediment core of Chagan Lake are shown in Figure 5. The mean values of Igeo in the surface sediment were arranged in descending order as follows: Hg > Cd > Ni > Zn > Cr > Pb > Cu > As. For Hg and Cd, the Igeo ranged from −1.45 to 1.48 (mean 0.43) and from −1.70 to 1.20 (mean 0.20), respectively, indicating that the pollution level to be slightly contaminated by heavy metals. The Igeo of As, Ni, Cu, and Zn ranged from −2.75 to 0.22, showing that the lake heavy was not contaminated on the whole by heavy metals and only slightly contaminated on individual points.




3.4. Source Identification


Figure 6 shows the biplot of PC1 and PC2 obtained from PCA and RPCA for raw data, logarithmic transformation data, and ilr transformed data. Among these datasets, the ilr transformed data, which has been opened and the closure effect eliminated, showed a radial pattern as a whole (Figure 6c,d). In contrast, as for the PCA result based on the raw data and logarithmically transformed data, which belong to Aichision space, all elements presented a one-sided trend due to the closure effect (Figure 6a,b). On the other hand, the transformed datasets yielded a higher total variance explained values for PC1, PC2 components than those in raw data. And the PC1 component derived from ilr transformed data with RPCA method accounted for the highest total variance explained values than other datasets, which indicated that the components obtained after eliminating the influence of outliers were more representative. From the element associations perspective, it can be concluded that: (1) the raw data and logarithmically transformed data showed similar element associations (Figure 6a,b), and the corresponding loading values of all elements for PC1 were all positively correlated. Although there existed a slight difference in the PC2 component, the relationship between elements could not be well ascertained. (2) In contrast, the biplot pattern of ilr transformed data was quite different, owing to the opening operation on the dataset, the element association was clearly revealed (Figure 6c,d). The only difference between element associations was that the RPCA approach eliminates the interference of outliers in the data, enhancing the accuracy of element association selection than the PCA approach. As a result, based on the RPCA with the ilr transformed data, three primary sources can be identified from the association of elements in Figure 6d: (1) Cr, Ni, As, Cu, Zn; (2) Hg, Cd; (3) Pb.



The first group of elements association included Cr, Ni, Zn, Cu, and As, which can be positively related to the natural source, such as parent rock weathering process and pedogenic process. The formation of sediments experienced rock weathering, transportation, and deposition processes, in which the chemical composition of the sediments is influenced and restricted by the petrochemical composition and epigenetic geochemistry. To figure out the intrinsic relationship between different rock types with contamination sources in the study area, four types of rocks around the study area were collected and studied. As shown in Table 4, the element contents of different rocks varied significantly. Compared with the sediment concentration in Chagan Lake, the average concentration of rocks was higher than that of the sediment. The concentration of Loess-like clayey soil was lower than that of the sediment. These indicate that the elements in lake sediment were differentiated and leached during weathering and leaching processes, resulting in a relative enrichment tendency in the soil/sediment. Figure 7 shows the distribution of Cr and Ni with Al2O3 and Fe2O3 of sediments. This was highlighted by the positive correlation of Cr and Ni with Al2O3 and Fe2O3; the latter revealed the enrichment of Cr and Ni was related to mafic/ultramafic rocks, which is consistent with the results of previous studies [53,54]. In addition, numerous studies have shown that Cr and Ni in the soil/sediment were usually highly correlated. The contents of Ni and Cr in soil/sediment were similar to those in the parent material of soil formation and were related to the diagenetic composition and less affected by human activities [55,56]. Some researchers supposed that the spatial distribution of Cr, Ni, and part of Cu was significantly related to the diagenetic composition [57]. Apart from those mentioned above, the results of the pollution assessment showed that the mean Igeo of heavy metals was less than 0, which means low or zero potential ecological risk and may indicate few external pollution sources.



By contrast, the migration ability of As was relatively weak, and the pollution mainly occurred in the middle and lower part of the sediment core, corresponding to a low or zero potential ecological risk to the whole sediment of Chagan Lake. Previous studies also reported that As was mainly affected by coal burning [58]. Furthermore, the thermal power plants in Jilin Province are mostly concentrated in Songyuan City (Huaneng/Changshan thermal power plant). The Changshan thermal power plant, established in 1969, which is closest to Chagan Lake, reached an annual power generation of 3.7 billion kWh. During the initial stage of production, the equipment in Changshan thermal power plant was backward, and the coal combustion was inefficient, resulting in the emission exceeded the standard alert threshold. Furthermore, considering the low temperature in the northeast, scattered peasant households around the lake area used to burn coal for heat against the extreme weather condition, which can also be seen as the main sources of As in the middle and low part of the sediment core.



The second group of element associations included Hg and Cd, whose concentrations were higher than the background values, which were considered the main contributor to potential ecological risks. The Igeo of Cd and Hg indicated that the pollution level of the heavy metals moderately-slightly contaminated the study area. In China, crop production is usually accompanied by the large-scale use of fertilizers and pesticides, which results in heavy metal accumulation in soils and causes significant damage to the environment [59]. The Chagan lake is surrounded by three irrigation districts, including an old irrigation district (Qianguo district) and two new irrigation districts (Da’an and Qian’an districts) covering 5.07 × 104, 2.19 × 104, and 1.33 × 104 hectares, respectively [16,17]. Agricultural activities, such as the use of phosphate fertilizer, pesticides, organic manures, and sewage irrigation, generally provide considerable amounts of Cd [60,61]. Previous studies also concluded that longstanding farming practices, such as the application of fertilizers and pesticides, can cause the accumulation of heavy metals, such as Hg in soils [62,63]. Moreover, the activities of mercury impurities emission, from both the exploitation of oil in the east of Chagan Lake and the surrounding thermal power plants, cannot be ignored. Although the Jiangsu dam and another #224-block dam were built to effectively isolate the oil field operation area from Chagan Lake water (protection area), mercury pollution caused by atmospheric deposition cannot be ruled out. Statistics showed that the mercury emitted to the atmosphere in the form of elemental mercury vapor accounts for 80% of the considered sources. Considering the above analysis, it can be inferred that agricultural activities and energy development are the main sources of Cd and Hg.



Pb was divided into a separate group from the biplot (Figure 6d). Previous studies have shown that traffic transportation (vehicle exhaust, tire wear, and brake wear, etc.) was the key source of heavy metals Pb pollution in the sediment [64,65]. More specifically, Pb comes from the abrasion of the brakes. As we know, Pb is a key element in gasoline and diesel, and that vehicle exhaust can enter the soil after atmospheric sedimentation, so vehicle emissions have been regarded as the main source of Pb in soil/sediment over the past few decades. It has been estimated that automobile exhaust accounts for roughly two-thirds of global Pb emissions [66,67]. Recently, with the development of tourism, the flow of traffic has increased rapidly. On the 2018 National Day, the tourists in the scenic spots of Chagan Lake reached over 310,000, and more than 70,000 vehicles entered the scenic spots, which undoubtedly aggravated the pollution of heavy metals in this area. Additionally, coal mining and combustion emissions could be significant contributors to Pb in atmospheric deposition [68]. Therefore, Pb contamination in this area may be attributed to traffic transportation and coal-related industrial activities.





4. Conclusions


In this study, we demonstrated the analysis of the pollution level, historical variability, and source identification of heavy metals using surface and core sediments collected from Chagan Lake in Northeastern China. A high-resolution sedimentary record was obtained from a sediment core through the 210Pb chronology technology. The following conclusions are drawn:



(1) The average concentrations of heavy metals in the sediment were generally higher than the background value, indicating that heavy metals are enriched to varying degrees. The surface sediment was not contaminated by most elements except for Cd and Hg. RI ranged from 57.50 to 283.23 with an average of 181.62, indicating a moderate-low risk of heavy metals. For the sediment core, there was no contamination on the whole with a low potential ecological risk.



(2) The dating results of 210Pbex CRS accurately reflected the sedimentary history over 153 y, and the average sedimentation rate of the core was calculated as 2.20 cm/year. The sediments in Chagan Lake clearly recorded the temporal evolution of heavy metal pollution within the watershed. The interannual variation of sedimentation rate reflected the change in the natural environment and the influence of anthropogenic activities in Chagan Lake and its watershed.



(3) After an ilr transformation of raw data, the closure effect was eliminated. PCA and RPCA were applied to infer the sources of heavy metal pollution. The results indicated the sediment from Chagan Lake was mainly dominated by three sources: Cr, Ni, As, Zn, and Cu were mainly derived from natural sources. The main source of Cd and Hg were highly related to agricultural activities and energy development. While Pb originated from vehicular traffic and coal-related industrial activities.
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Figure 1. Geographic setting of Chagan Lake (a,b) and detailed view of sampling locations (c). 
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Figure 2. Heavy metals concentrations in the surface sediment from the Chagan Lake. (a) As, (b) Hg, (c) Cd, (d) Cu, (e) Pb, (f) Zn, (g) Cr and (h) Ni. (Black dash line-background value; Red dash line-mean concentration). 
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Figure 3. Geological features (a), specific activity distribution of 210Pbex (b), chronological sequence dated (c), and sedimentation rate by 210Pbex Constant Rate of Supply (CRS) (d) in the sediment core of the Chagan Lake. 
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Figure 4. Concentration profiles of heavy metals in the sediment core from the Chagan Lake. (a) As, (b) Hg, (c) Pb, (d) Cr, (e) Cu, (f) Zn, (g) Cd and (h) Ni. (Black dash line-background value; Red dash line-mean concentration). 
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Figure 5. Box plot of Igeo in the surface sediments and sediment core of Chagan Lake. 
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Figure 6. Principal component analysis/robust principal component analysis (PCA/RPCA) Biplot of different types of datasets in the sediments of Chagan Lake. (a) raw datasets by the PCA, (b) logarithmic transformation datasets by the PCA, (c) ilr transformed datasets by the PCA and (d) ilr transformed datasets by the RPCA. 
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Figure 7. Distribution diagram of Cr and Ni (mg/kg) versus Al2O3 and Fe2O3 (wt %) in the sediments of Chagan Lake. (a) Cr versus Al2O3, (b) Ni versus Al2O3, (c) Cr versus Fe2O3, (d) Ni versus Fe2O3. 
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Table 1. The classification criterion of the potential ecological risk index    E r i    and potential ecological risk index (RI).
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	     E r i     
	RI
	Potential Ecological Risk





	   E r i    ≤ 40
	RI ≤ 150
	low risk



	40 <    E r i    ≤ 80
	150 < RI ≤ 300
	moderate risk



	80 <    E r i    ≤ 160
	300 < RI ≤ 600
	relatively high risk



	160 <    E r i    ≤ 320
	—
	high risk



	   E r i    > 320
	RI > 600
	extremely high risk
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Table 2. Heavy metal concentrations in the surface sediments from Chagan Lake and other selected lakes.
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Name of the Lake

	
Heavy Metal Concentrations (mg/kg)

	
References




	
As

	
Cd

	
Hg

	
Cr

	
Ni

	
Cu

	
Pb

	
Zn






	
Chagan Lake

	
10.01

	
0.2

	
0.07

	
57.6

	
29.68

	
20.73

	
26.56

	
66.83

	
This Study




	
Yueliang Lake

	
7.64

	
0.16

	
0.07

	
53.66

	
26.82

	
19.3

	
56.13

	
72.17

	
[50]




	
Songhua River

	
18.9

	
0.9

	
0.1

	
41.2

	
99

	
44.5

	
13.3

	
107

	
[51]




	
Nen River

	
5.2

	
0.24

	
0.027

	
26

	
24

	
21

	
5.4

	
54

	
[49]




	
Jingpo Lake

	
7.28

	
0.48

	
0.113

	
82.8

	
39.3

	
22.4

	
12.1

	
84.6

	
[52]




	
Major Lakes in Songnen Plain

	
-

	
-

	
-

	
-

	
35.07

	
29.09

	
25.57

	
189.78

	
[47]




	
Major Lakes in China

	
16.39

	
0.497

	
0.076

	
6.29

	
31.81

	
36.89

	
35.37

	
99.52

	
[48]




	
Background Value

	
9

	
0.099

	
0.015

	
50

	
24

	
18

	
22

	
54

	
[45,46]
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Table 3. Calculation results of the potential ecological index in the surface sediments and sediment core of Chagan Lake.
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Items

	
Ei

	
RI




	
As

	
Hg

	
Cd

	
Cr

	
Ni

	
Cu

	
Pb

	
Zn






	
Minimum *

	
3.22

	
21.94

	
13.89

	
1.00

	
2.86

	
1.33

	
1.11

	
0.47

	
57.50




	
Maximum *

	
15.96

	
167.36

	
103.04

	
2.90

	
8.27

	
8.25

	
15.89

	
1.47

	
283.23




	
Mean *

	
11.13

	
88.56

	
59.81

	
2.30

	
6.18

	
5.76

	
6.04

	
1.24

	
181.02




	
Minimum +

	
4.14

	
13.93

	
15.36

	
2.15

	
2.26

	
2.26

	
2.90

	
0.58

	
45.82




	
Maximum +

	
45.23

	
103.90

	
43.88

	
3.79

	
7.52

	
8.92

	
7.19

	
1.73

	
160.17




	
Mean +

	
15.49

	
45.53

	
26.76

	
2.78

	
5.11

	
6.11

	
5.04

	
1.15

	
107.97








* stands for surface sediments; + stands for sediment core.
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Table 4. Comparison table of element contents in sediments and rocks from Chagan Lake and its surrounding areas.
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Name

	
Cr

	
Ni

	
As

	
Cu

	
Zn

	
References






	
Surface sediment of Chagan Lake

	
57.60

	
29.68

	
10.01

	
20.73

	
66.83

	
This study




	
Basalt

	
183.18

	
119.09

	
0.22

	
32.75

	
158.12

	
[49]




	
Andesite

	
46.90

	
28.34

	
0.79

	
18.41

	
134.98




	
Granite

	
2.64

	
3.73

	
0.40

	
6.89

	
54.37




	
Loess-like clayey soil

	
13.83

	
25.63

	
10.30

	
16.13

	
45.87




	
Mean content of the rock

	
61.64

	
44.20

	
2.93

	
18.55

	
98.33
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