

  water-15-00544




water-15-00544







Water 2023, 15(3), 544; doi:10.3390/w15030544




Article



Source Identification and Ecological Risk of Potentially Harmful Trace Elements in Lacustrine Sediments from the Middle and Lower Reaches of Huaihe River



Min Xu 1,2, Rong Wang 1,*, Weiwei Sun 1, Dianchang Wang 3 and Xinghua Wu 3





1



State Key Laboratory of Lake Science and Environment, Nanjing Institute of Geography and Limnology, Chinese Academy of Sciences, Nanjing 210008, China






2



State Key Laboratory of Palaeobiology and Stratigraphy, Nanjing Institute of Geology and Palaeontology, Chinese Academy of Sciences, Nanjing 210008, China






3



China Three Gorges Corporation, Wuhan 430010, China









*



Correspondence: rwang@niglas.ac.cn







Academic Editors: Stanislav Frančišković-Bilinski and Sanja Sakan



Received: 16 January 2023 / Revised: 25 January 2023 / Accepted: 27 January 2023 / Published: 30 January 2023



Abstract

:

Sediment pollution caused by potentially harmful trace elements (PHTEs) has attracted a great deal of attention, due to the persistent risks it poses to human beings and ecosystems. However, the pollution status and source identification of PHTEs from the middle and lower reaches of Huaihe River remains unclear. In this study, arsenic, cadmium, chromium, copper, nickel, zinc, lead and isotopic ratios in the lacustrine sediments of this river are investigated to determine the source of, and ecological risk posed by, these PHTEs. The results show that the concentrations of chromium, copper, nickel and zinc are generally close to the background values in the lacustrine sediments, and are assessed as representing a low degree of contamination. By contrast, significantly higher concentrations of arsenic and cadmium are commonly measured in the upper sediments, which are mainly derived from the agricultural application of fertilizers, pesticides and wastewater. Meanwhile, possible atmospheric lead deposition is identified by the isotopic analysis. Among these PHTEs, adverse biological effects of arsenic, chromium, and nickel may occur in lakes according to consensus-based sediment quality guidelines, but cadmium is selected as a PHTE for priority control according to potential ecological risk index. Our study highlights that developing regional sediment quality guidelines and soil restoration in the catchment are crucial for the freshwater ecosystem in the middle and lower reaches of Huaihe River.
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1. Introduction


Lakes are one of the most important natural resources, and are crucial in freshwater supply, irrigation, aquaculture, and maintaining regional biodiversity. However, lake ecosystems are directly threatened by anthropogenic activities and climate change, and securing the supply of ecosystem services to support human well-being is one of the great environmental challenges of the 21st century [1,2,3]. Previous studies have confirmed that a large amount of potential harmful trace elements (PHTEs) enter into the lake ecosystems through wastewater discharge, surface runoff and atmospheric deposition resulting from rapid industrialization and agricultural intensification [4,5]. On one hand, PHTEs can be strongly accumulated in sediments, thus lowering their concentration in the water column [6]. On the other hand, PHTEs could also be released into the water in response to certain disturbances, posing a potential threat to the health of human well-being [7,8]. Therefore, understanding the source of, and ecological risk posed by, PHTEs in sediments is necessary in order to evaluate lake ecosystem safety [9,10].



Geochemical analyses and related indices such as geo-accumulation index (Igeo), potential ecological risk index (PERI) and sediment quality guidelines (SQGs) were proposed to assess anthropogenic impact and ecological risk in the lacustrine setting [4,11,12,13]. However, results might vary significantly in relation to the reference natural background due to the influence of local geochemical properties and natural variability [4]. In addition, stable isotopic compositions of PHTEs have also been useful to trace and quantify the natural and anthropogenic sources among complex environmental matrices because these isotopes are not significantly affected by fractionation processes [14,15,16,17,18,19]. Therefore, results are more reasonable when multiple analyses are combined to identify the pollution source and assess the ecological risk of PHTEs.



The reach of Huaihe River is an important agricultural base with high population density, providing ~20% of the grain yield in China [20]. Intensive anthropogenic activities have significant impacts on freshwater eutrophication through untreated wastewaters as well as non-point sources from aquaculture and agriculture [21,22,23,24,25,26]. The freshwater and sediment quality of the reach of Huaihe River is of particular concern due to the eastern route of South-to-North Water Transfer Project, which links a chain of natural lakes such as Lake Gaoyou, Lake Hongze and Lake Nansihu [21,26]. However, the pollution of PHTEs has been less well addressed compared with eutrophication, and the influence of anthropogenic activity is not well known. In this study, seven critical PHTEs, including arsenic (As), chromium (Cr), copper (Cu), cadmium (Cd), nickel (Ni), zinc (Zn), lead (Pb) and its isotopic ratios in the lacustrine sediments from the middle and lower reaches of Huaihe River (MLRHR) are analyzed. Specific aims of the study included: (1) characterization of geochemistry and Pb isotopes; (2) identification of PHTE sources; and (3) evaluation of the ecological risk in these lacustrine sediments.




2. Materials and Methods


2.1. Study Region


The Huaihe River is one of the seven major rivers in China. It has a total drainage area of ~2.7 × 105 km2, and is situated between the Yellow River and the Yangtze River (Figure 1). The mean annual precipitation is 920 mm; more than 60% falls during the season from April to October [20,27]. The Huaihe River basin mostly consists of plains and swales, except for some mountainous and hilly terrain in the northern and southwestern areas. Gneiss migmatite and schist are primarily distributed in the mountains, and unconsolidated Quaternary sediments are distributed over the plains and swales [27,28]. The Yellow River invaded the Huaihe River many times throughout history, and discharged abundant silt from the Chinese Loess Plateau to the alluvial plain [29].




2.2. Sample Collection and Geochemical Analysis


In September 2019, seven gravity cores were recovered using a gravity corer from Lake Huayuan, Lake Tuohu, Lake Nüshan, Lake Hongze, Lake Baima, Lake Gaoyou and Lake Shaobo. Each core had length ranging from 25 to 35 cm. The cores were sliced at intervals of 1 cm in the field, then sealed into polyethylene bags until they were freeze-dried in the laboratory.



Elemental concentrations and lead isotope ratios (206Pb/207Pb and 208Pb/206Pb) were measured at 5 cm intervals, and a total of 50 samples were analyzed. The freeze-dried samples were homogenized and then completely digested by HCl-HNO3-HF-HClO4 in Teflon beakers. The concentrations of aluminum (Al), phosphorus (P), titanium (Ti) and zinc (Zn) were measured by inductively coupled plasma-atomic emission spectrometry, while the concentration of As, Cu, Cd, Cr, Ni and Pb were measured by inductively coupled plasma mass spectrometry. All chemical reagents were analytically pure and prepared with ultrapure water. Quality assurance and quality control were ensured by measuring blanks and standard reference materials (GBW07358; Chinese geological reference materials). No detectable concentrations of the studied PHTEs were found in blank samples; the recoveries of various PHTEs from the samples ranged from 93% to 106%, and the relative standard deviations of each PHTE were less than 5% in all batches determined multiple times.



The Pb isotopic ratios in samples were also determined by inductively coupled plasma mass spectrometry. Certified reference material SRM 981 from the National Institute of Standards and Technology was used for calibration and for isotope correction factors. The standard reference material was used to check accuracy and repeatability in isotopic ratios internal standards. The relative standard deviations of the 206Pb/207Pb and 208Pb/206Pb ratios related to the repeated measurements of the standard material were less than 0.2%.




2.3. Risk Assessment and Statistical Analysis


To determine the degree of anthropogenic impact, the Igeo of every PHTE was calculated:


Igeo = log2 (Cn/1.5/Bn)



(1)




where Cn and Bn are the measured content of element n in the sediments and the background level, respectively. The value of 1.5 was used as the background matrix correction factor due to lithospheric effects [30]. The median values for PHTEs in the sediments at 150–180 cm depth from Lake Hongze were referenced as the background level of PHTEs in the MLRHR [31]. According to the values of Igeo, different pollution levels were categorized as follows: Igeo ≤ 0, no pollution; 0 < Igeo ≤ 1, low pollution; 1 < Igeo ≤ 2, moderate pollution; 2 < Igeo ≤ 3, moderate to high pollution; 3 < Igeo ≤ 4, high pollution; 4 < Igeo ≤ 5, high to very high pollution; Igeo > 5, very high pollution.



The conventional ecological risk (Er) factor was used to assess the ecological risk level of PHTEs in sediments according to the following equation:


Ern = Trn × (Cn/Bn)



(2)




where Trn is the toxic-response factor of element n in the sediments, and the factors were 30 for Cd; 10 for As; 5 for Cu, Ni and Pb; 2 for Cr and 1 for Zn [32]. The Er giving an evaluation of single metal pollution was classified into five grades: low risk (Er ≤ 40), moderate risk (40 < Er ≤ 80), considerable risk (80 < Er ≤ 160), high risk (160 < Er ≤ 320) and very high risk (Er > 320).



The consensus-based sediment quality guidelines (SQGs) were also applied to evaluate the potential ecological risk of the freshwater ecosystems [33]. Concentrations below the threshold effect concentration (TEL) represent a minimal effect, while concentrations at or above the probable effect concentration (PEL) indicate that adverse biological effects are likely to frequently occur. Additionally, a varimax rotated principal component analysis (PCA) was conducted to identify potential sources of PHTEs.





3. Results


3.1. Descriptive Statistics of Element Composition in Sediments


The element composition of the lacustrine sediments from the MLRHR is given in Figure 2, and the basic statistics regarding the element concentrations are listed in Table 1. Cd, As, Cu and Zn generally show large variability in concentrations, with coefficients of variation (CVs) of 0.65, 0.41, 0.32 and 0.30, respectively. P and Pb have moderate variability, with CVs of 0.26 and 0.21, respectively, while Al, Ti, Cr and Ni are relatively uniform in the seven lakes, with CVs no larger than 0.20.



For the surface sediments (the top 0–1 cm), the highest concentrations of As (33.4 mg/kg), Cd (0.89 mg/kg), Cu (61.5 mg/kg), P (997.0 mg/kg) and Zn (162.5 mg/kg) were measured in Lake Baima, while the highest concentrations of Al (92.4 mg/g), Cr (101.1 mg/kg), Ni (50.6 mg/kg) and Pb (43.2 mg/kg) were measured in Lake Huayuan and the highest concentration of Ti (5.2 mg/g) was measured in Lake Gaoyou. By contrast, the lowest concentrations of Al (61.6 mg/g), Cr (69.4 mg/kg), Cu (28.8 mg/kg), Ni (34.9 mg/kg), Pb (26.3 mg/kg), Ti (2.7 mg/g) and Zn (76.0 mg/kg) were measured in Lake Tuohu, while the lowest concentrations of As (14.9 mg/kg), Cd (0.17 mg/kg) and P (603.6 mg/kg) were measured in Lake Gaoyou, Lake Nüshan and Lake Huayuan, respectively.



The results of Kaiser–Meyer–Olkin measure of sampling adequacy (0.71) and Bartlett’s test of sphericity (χ2 = 755.4, p < 0.001) suggest that the element composition of the lacustrine sediments from the MLRHR is suitable for PCA. The results show that the first two principal components (PCs) explain 81.0% of the total variance. The first PC represents 46.0% of the total variance, and is characterized by large positive loadings of Al (0.96), Cr (0.96) and Ni (0.95) concentration, and moderate loadings of Pb (0.78), Zn (0.75), Cu (0.55) and Ti (0.48) concentration (Figure 3). The second PC explains 35.0% of the total variance, and is mainly dominated by Cd (0.87) and As (0.79), as well as moderate loadings of P (0.78), Ti (−0.68), Cu (0.66), Zn (0.59) and Pb (0.43).




3.2. Lead Isotopic Ratios


As shown in Figure 4, the samples have similar Pb isotopic ratios. The mean 206Pb/207Pb ratio is 1.18 for Lake Huayuan, 1.19 for Lake Tuohu, 1.18 for Lake Nüshan, 1.18 for Lake Baima, 1.18 for Lake Hongze, 1.18 for Lake Gaoyou and 1.19 for Lake Shaobao, respectively. The 208Pb/206Pb ratios significantly correlate with the corresponding 206Pb/207Pb ratios (Figure 4, R2 = 0.78, p < 0.001), with a mean of 2.09 for Lake Huayuan, 2.09 for Lake Tuohu, 2.10 for Lake Nüshan, 2.09 for Lake Baima, 2.10 for Lake Baima, 2.09 for Lake Gaoyou and 2.10 for Lake Shaobo.




3.3. Ecological Risk Assessment of Potentially Harmful Trace Elements


All Igeo values of Cr and Ni are below 0, and all Igeo values of As, Cu, Pb and Zn are below 1, indicating that the sediments are unpolluted or slightly polluted by these PHTEs (Figure 5). Among them, Igeo values of Cu and Zn between 0 and 1 only occur in the upper sediments from Lake Baima, and Igeo value of Pb between 0 and 1 only occur in the upper sediments from Lake Huayuan. Igeo values of As between 0 and 1 are found in the sediments from Lake Baima, Lake Huayuan and Lake Tuohu. For Igeo values of Cd, moderate Cd pollution occurs in Lake Baima and Lake Huayuan, slight pollution occurs in Lake Gaoyou, Lake Hongze and Lake Tuohu, while there is no Cd pollution in Lake Shaobo or Lake Nüshan.



Based on the ecological risk assessment method proposed by Hakanson (1980), most PHTEs are low-risk, except the risk posed by Cd varies significantly (Figure 6). The Cd risk in surface sediment from Lake Baima has reached a high level, and that from Lake Huayuan is also considerable. By contrast, all Cd concentrations in the lacustrine sediments are below the TEL from consensus-based SQGs, suggesting that Cd risk would not occur in the lacustrine sediments from the MLRHR. Instead, all Cr and Ni concentrations in the sediments exceed the TEL from consensus-based SQGs; As and Cu concentrations in the sediments also commonly exceed the TEL, and sporadic samples even exceed the PEL.





4. Discussion


4.1. Source Identification of the Potentially Harmful Trace Elements


PHTEs in lacustrine sediments not only contain products of natural processes, but also continuously receive contaminants from anthropogenic pollution [13]. The similar PC loading between Cr, Ni and Al suggests that these PHTEs mainly originate from the natural detritus in the catchment, such as the metamorphic rocks and mineral weathering. In addition, the Igeo values of Cr and Ni in the sediments also suggest that the anthropogenic contribution of Cr and Ni can be ignored in the MLRHR. Lower accumulations of anthropogenic Cr and Ni in freshwater sediments have also been reported by other similar studies from China [5,9,34,35]. Therefore, small variability of Cr and Ni in the sediments could result from changes in grain size, organic matter and carbonate content [4,11].



The distinct PC loadings between Cd, As, P and other elements, as well as the common positive Igeo values of Cd and As in the lacustrine sediments, suggest that these elements are influenced by anthropogenic sources. Although organic species of P in the sediment would undergo diagenetic processes, sedimentary profiles of P can quantify the sediment nutrient accumulation rates and reflect the lake trophic status [36,37,38,39]. The significant increase in P concentration in lacustrine sediments is mainly due to NaOH-P relating to the intensification of anthropogenic activities during the recent decades in east China [36,39,40]. Similar chemical partitioning of P was also found in surface sediments from Lake Hongze [41]. Agricultural non-point-source pollution is an important factor for water quality deterioration, due to the intensive use of industrial fertilizers in this region [5,39]. The phosphate fertilizer application rate increased to 99.4 kg/ha in the year 2016 [42]. However, only a small part of the applied phosphate fertilizer is absorbed by crops, while most is transported with rainfall or irrigation water to aquatic ecosystems, the same being true for other PHTEs, such as Cd [5]. In addition, Cd and As are closely linked to pesticides and wastewater irrigation [12,43,44]. In the MLRHR, land use is intensively distributed by agriculture around lakes, and thus anthropogenic Cd and As may mainly result from agricultural activities.



Cu, Pb and Zn are less influenced by agricultural sources, and the main source and transport pathway of Pb in the lacustrine sediment can be traced by Pb isotopic ratios [16,45]. Bedrock and the products of chemical weathering are the important natural sources of Pb in the sediments. The Cenozoic basalts in the MLRHR have 206Pb/207Pb ratios ranging from 1.08 to 1.12 with a mean of 1.11, while the Mesozonic granitoids have 206Pb/207Pb ratios ranging from 1.07 to 1.16 with a mean of 1.12 [46,47]. In contrast, the average 206Pb/207Pb ratio of the upper continental crust is ~1.20, which is close to that of the sediments from the Chinese Loess Plateau [48,49,50]. In one study, a fluvial sediment core had 206Pb/207Pb ratio of around 1.18 from the middle reach of the Huaihe River, where no obvious pollution sources were observed [51]. Considering that abundant sediments from the Chinese Loess Plateau had been discharged to the floodplain due to frequent floods, the reworked loess might be the dominant natural source of Pb in the lacustrine sediments from the MLRHR.



Because of the possible influence from anthropogenic pollution, we further compared the Pb isotopic ratios in the lacustrine sediments from the MLRHR with some potential Pb sources, such as gasoline, diesel, coal and Pb-Zn ores [14]. It was obvious that 206Pb/207Pb and 208Pb/206Pb ratios in the lacustrine sediments from the MLRHR are significantly different from those of vehicle exhaust and metallurgy dust (Figure 4). However, the range of the Pb isotopic ratios in this study is similar to that of coal, which has a 206Pb/207Pb ratio range from 1.17 to 1.19 (Figure 4). Coal burning was considered the major source of aerosol Pb pollution in the surrounding Nanjing and Shanghai in [52,53,54,55,56]. The 206Pb/207Pb ratios in the atmospheric particles ranged from 1.15 to 1.19 for total suspended particulates, and from 1.15 to 1.18 for PM2.5 from Nanjing [54]. Similar ratios were reported in Shanghai, which ranged from 1.16 to 1.17 for total suspended particulates, and had an average of 1.16 for PM2.5 [52,53]. In addition, the 206Pb/207Pb ratios ranged from 1.15 to 1.17 in the sediment core sampled near the Huaihe Bridge in the Huainan City, representing the influence of coal mining activities [51]. Furthermore, we compared the Pb isotopic ratios with other surface sediment from the delta of Yangtze River, where the 206Pb/207Pb ratios are generally lower than that from the MLRHR. For example, the average ratio of 206Pb/207Pb was 1.18 for Lake Xuanwu sediments, and 1.17 for Lake Mochou sediments from Nanjing [57]; the 206Pb/207Pb ratios ranged from 1.17 to 1.18 for Lake Taihu sediments [58,59]; the 206Pb/207Pb ratios were much lower in the lacustrine sediments from the waterscape parks in Shanghai, which had a mean of ~1.17 [60]. The 206Pb/207Pb ratios are slightly higher in the sediments from the Yangtze River intertidal zone, ranging from 1.18 to 1.19 [61]. Therefore, the input of anthropogenic Pb may be attributed to atmospheric pollution in this region.




4.2. Ecological Risk and Implication for Lake Management


As a whole, Cu, Pb and Zn have a consistent low ecological risk level from the consensus-based SQGs and Er assessments in the lacustrine sediments from the MLRHR, which likely pose low toxic effect on aquatic organisms. However, the ecological risk levels for As, Cd, Cr and Ni are somewhat different between the consensus-based SQGs and Er indices, which might be partially explained by the discrepancy in the principles of the two methods [13]. The consensus-based SQGs provide a risk based on empirically toxic experiments and total concentrations, which do not consider the differences in regional PHTE background values [26,31,33]. However, the background values of As, Cr and Ni in the lacustrine sediments from the MLRHR are 16.2 mg/kg, 88 mg/kg and 48.9 mg/kg, respectively, all higher than the TEL from the consensus-based SQGs [33]. The ecological risk of As, Cr and Ni thus would be considered high even without contribution of anthropogenic sources. By contrast, the Cd background value in this region is much lower than the TEL from consensus-based SQGs [33]. When the regional PHTE background values are taken into consideration using the Er method, the high toxic effect of Cd thus results in the calculated Er values being much higher than those of the other PHTEs. The uncertainty in the risk assessment of As, Cd, Cr, Cu and Ni by the consensus-based SQGs may relate to the different background values of these PHTEs in Canadian and Chinese freshwater sediments [31].



According to the pollution assessment using Igeo, we identify Cd as the priority PHTE for control in future environmental management in the MLRHR; in particular, the lacustrine sediment from Lake Baima has been moderately contaminated. As mentioned before, the primary anthropogenic sources of Cd in the lacustrine compartments may be fertilizers, wastewater irrigation and pesticides from agricultural soils. Meanwhile, Cd pollution is also the most urgent regarding agricultural soil contamination [44,62]. Thus, the most effective approach to migrate PHTE risk in lake ecosystems is soil remediation and erosion control in the catchment [44,63]. Furthermore, eutrophication can result in the release of Cd in lacustrine sediments because anthropogenic Cd is mainly in the exchangeable and/or carbonate fraction in the study region [7]. Therefore, secondary Cd pollution should also be paid more attention under anaerobic conditions when algae grow in these eutrophic lakes in the MLRHR.





5. Conclusions


The source and risk of PHTEs in the lacustrine sediments from the MLRHR in East China were investigated in this study. The results show that the concentrations of PHTEs in the sediments vary spatially, with the highest concentration of As, Cd, Cu and Zn in the surface sediments measured in Lake Baima, and the highest concentrations of Cr, Ni and Pb in the surface sediments measured in Lake Huayuan. As, Cd, Cu, Pb and Zn are found to be slightly to moderately polluting in some lakes, while the Igeo values suggest that there is no Cr and Ni pollution in this region. The main contribution of Cr, Cu, Ni, Pb and Zn is from natural origin, however, significant agricultural contribution of As and Cd is identified. Overestimated risk level of As, Cr and Ni but underestimated risk of Cd using the consensus-based SQGs results from the differences in regional PHTE background value. Our study provides detailed PHTE information that can be used to establish rational ecological protection measures on a catchment scale.
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Figure 1. The location of Huaihe River and seven sampling lakes. 
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Figure 2. The concentration of main elements in the seven sampling sediment cores from the MLRHR. 






Figure 2. The concentration of main elements in the seven sampling sediment cores from the MLRHR.



[image: Water 15 00544 g002]







[image: Water 15 00544 g003 550] 





Figure 3. Principal components analysis of the concentration of main elements in the seven sampling sediment cores from the MLRHR. 
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Figure 4. The comparison of Pb isotopes from the MLRHR with different sources, including Chinese ore, coal, fuel, aerosols and natural sediments [14]. 
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Figure 5. Igeo values of critical PHTEs in the seven sampling sediment cores from the MLRHR. 






Figure 5. Igeo values of critical PHTEs in the seven sampling sediment cores from the MLRHR.



[image: Water 15 00544 g005]







[image: Water 15 00544 g006 550] 





Figure 6. Er values of critical PHTEs in the seven sampling sediment cores from the MLRHR. 
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Table 1. Statistics of the element concentrations of the surface sediments, background concentrations, and guideline freshwater sediment quality values (mg/kg, dry weight).
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	Al
	Ti
	P
	As
	Cd
	Cr
	Cu
	Ni
	Pb
	Zn





	Minimum
	58527.3
	2674.6
	288.1
	6.9
	0.06
	52.3
	17.4
	24.9
	19.5
	40.8



	Maximum
	99199.2
	5395.9
	997.0
	35.0
	0.89
	111.9
	68.4
	56.1
	44.3
	168.4



	Average
	80637.0
	4410.0
	587.8
	17.5
	0.25
	88.2
	34.6
	44.4
	31.0
	99.9



	Coefficient of variation
	0.14
	0.14
	0.26
	0.41
	0.65
	0.17
	0.32
	0.18
	0.21
	0.30



	Background a
	
	
	
	11.1
	0.2
	83.0
	30.8
	36.6
	29.4
	87.0



	TEL
	
	
	
	9.8
	1.0
	43.4
	31.6
	22.7
	35.8
	121.0



	PEL
	
	
	
	33.0
	5.0
	111.0
	149.0
	48.6
	128.0
	459.0







Note: a Background: background concentrations of heavy metals in sediments from Chinese lakes [31].
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