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Abstract

:

In 2019, Taiwan completed its first thorough heavy metal investigation of irrigation canal sediments by this study with the support of Taiwan Environmental Protection Administration. Box-and-whisker plots were used to analyze the sediment distribution and to define metal concentrations. Possible metal pollution sources, the polluted agricultural land, irrigation area, and water sources were also evaluated using spatial analysis to understand the possible causes of sediment pollution. Results showed that the main heavy metal in agricultural land was Cu, found in 77% of contaminated agricultural land sites. Most sites with Cu pollution in sediments were in Taoyuan City and Changhua County. The heavy metals present in the sediment pollution sites in Taoyuan were consistent with those of possible pollution sources upstream, namely, Cr, Cu, and Pb. The main heavy metals in sediment pollution sites in Changhua were Cr, Cu, Ni, Pb, and Zn, whereas those for the polluted agricultural land sites were Cr, Cu, Ni, and Zn, without Pb. The main irrigation water sources in Changhua include drainages and rivers, with some receiving most wastewater pollution mass of release of Changhua, and functions as an irrigation water source with a high release mass in Cr, Cu, Ni and Zn. These findings indicate that the sites of sediment pollution, sites of polluted agricultural land, and the sources of pollution share corresponding heavy metal characteristics. Therefore, in Changhua, the sediments were polluted mainly because (1) the irrigation canals received the highest masses of pollutant releases into drainage wastewater of the county; and (2) the return flow from irrigation and the illegal discharge of wastewater. The preliminary assessment results for sediment pollution in Taoyuan also suggest that the main causes may be irrigation by polluted rivers or drainages and return flows.
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1. Introduction


Agricultural lands contaminated by heavy metals has become a serious problem and is of concern in Taiwan [1]. Although Taiwan has an annual precipitation reaching 95.2 billion m3, which is approximately 2.6 times the world average, the sum of annual evaporation and runoff to the sea reaches 75.1 billion m3 because of Taiwan’s geographic characteristics of a longer north–south span in comparison to the west–east span and the Central Mountain Range running from the north to the south of the island [2]. This leads to difficulty in water storage and the rainfall that can be used by each person is only 1/6 of world average in Taiwan [3]. Therefore, irrigation canals provide the foundation of rice agriculture in Taiwan. Water storage systems including reservoirs and farm ponds are employed to store a considerable amount of rainwater. Through water transmission systems, such as leading canals, main canals, and lateral canals, water is led to ditches and dispatched to agricultural land for irrigation [4]. The systems enable regions including Changhua, Chiayi, and Tainan Counties to grow rice crops successfully and ensure abundant harvests. However, as of November 2020, the number of agricultural land sites listed as having soil contamination was 7294, of which 5589 contained copper (Cu) pollution, accounting for 77% of the sites. The data thus indicated that Cu is the main pollutant of agricultural land in Taiwan [5].



Excessive trace elements in agricultural soil may inhibit the growth or decrease the yield of food [6], and the food loss caused by the abnormal Cu concentration in the soil may be higher than other causes leading to food safe and food security threats. Cu can cause growth inhibition, oxidative damage, antioxidant response, and disturbances in physiological and biochemical processes in food crops such as wheat, rice, and maize [7,8,9,10]. One study found that when the Cu concentration in the culture solution reached 10 μM, the germination rate of rice (Oryza sativa L.) was reduced by about 60% compared with the control group (from 93% to 34%), and the root length was reduced by about 40% (from 80.3 mm to 50.1 mm) [11]; when the Cu concentration in the soil is 100 mg/kg, the yield of rice grain decreases by 10%, and when the concentration is between 300 mg/kg and 500 mg/kg, the yield of rice grain is reduced by 50%. When the Cu concentration reaches 1000 mg/kg, the yield of rice grain is reduced by 90%. Cao and Hu [12] investigated that rice grown in paddy soils irrigated by Cu-containing wastewater would lead to the problem of less effective tiller and black roots; in addition, the yield of rice grain was reduced by 18%–25%. The Cu concentration reaching 50 mg/kg also had a significant effect on root weight [13]. Moreover, the Cu concentration in brown rice (15.5 mg/kg) was measured higher than the value of 10 mg/kg of maximum permissible concentration in grains promulgated by Food and Agriculture Organization (FAO) [14] when the Cu concentration in the paddy soil reached 101.2 mg/kg [12]. In Taiwan, the higher bioaccumulation of Cu in the soil–grapevine system in vineyards may also cause a public concern of general population exposure to Cu through grape consumption [15,16,17,18].



Rice is the most important food crop in Taiwan; the average annual harvest area in the past 10 years is higher than that of other crops, such as grains, vegetables, and fruits [19]. If the high Cu concentration in farmland soils reduces rice production, it may cause a food crisis in Taiwan. Unfortunately, several agricultural land sites are polluted with Cu and other common heavy metals by irrigation water [20,21,22,23] or specifically, suspended solids in irrigation water [24]. Although the strategy of separating irrigation and drainage canals may improve the quality of irrigation water [25], the suspended solids in irrigation water may accumulate at the bottom of canals and form sediments. No large-scale study has been conducted to investigate the sediments of irrigation canals before this study. If sediments are resuspended or scoured because of rainwater flooding into agricultural land, they may pollute the land.



To protect citizen health and secure sediment quality, the Environmental Protection Administration (EPA) of the Executive Yuan in Taiwan incorporated sediment quality management provisions in amendments to the Soil and Groundwater Pollution Remediation Act in 2010 and made subsidiary regulations including “Regulations on the Classification Management and Usage Limitation of Sediment Quality Guidelines” and “Implementation Regulations on Testing Sediments for the Future Reference of Local Industry Competent Authorities” after the implementation of the Act. The regulations were effective as of January 2014. According to Paragraph 5 of Article 6 of the Soil and Groundwater Pollution Remediation Act, the authorities responsible for rivers, irrigation canals, lakes, and reservoirs must test the bottom sediment quality of the listed water bodies and submit the resulting data to the central competent authority.



Therefore, this study is of importance, exploring the distribution of Cu and other common heavy metal pollutants in the sediments of irrigation canals and compared it with that of Cu-polluted agricultural sites. A composite analysis of possible pollution sources, situations of surface waters, and other heavy metal pollution characteristics was conducted to determine the sediment pollution characteristics and possible causes.




2. Materials and Methods


2.1. Data


The total number of water bodies reported on by all industry competent authorities in the initial period of regular reporting (2014–2019) was 557, including 118 rivers, 94 lakes and reservoirs, and 345 irrigation canals. Among the water bodies, 35 rivers and two reservoirs were approved to be exempted from reporting because of gravel on the bottom, and one reservoir was exempted because of ongoing construction. Reports on a total of 519 water bodies were to be completed in the first operation period, consisting of 83 rivers, 91 lakes and reservoirs, and 345 irrigation canals. All competent authorities were to complete all reports on sediment quality by 2019. The sediment samples of one reservoir (under construction) and 63 irrigation canals (without sufficient amounts of sediments) could not be collected. Thus, the actual number of water bodies tested in the first operation period comprised 83 rivers, 90 lakes and reservoirs, and 282 irrigation canals.




2.2. Sampling and Analytical Methods


Relevant sampling, preprocessing, and analytical methods were implemented according to the standard methods provided by the Environmental Analysis Laboratory of the EPA, Executive Yuan. The methods included NIEA S104 (sediment sampling method), NIEA M353 (method for detecting metal in waste and sediments—acid digestion), NIEA M301 (method for detecting metal in waste and sediments—microwave assisted acid digestion), NIEA S310 (method for detecting arsenic in soil and sediments—arsine atomic absorption spectrometry), NIEA M111 (flame atomic absorption spectrometry), NIEA M104 (inductively coupled plasma atomic emission spectrometry), NIEA M317 (method for detecting the total mercury in soil, sediments, and waste—cold vapor atomic absorption spectrometry), and NIEA M318 (method for detecting the total mercury in solid and liquid samples—thermal decomposition, amalgamation, and atomic absorption spectrophotometry).



Hand shovels, sampling spoons, and grab samplers were used to collect samples from sediments in rivers, irrigation canals, lakes, and reservoirs. The samples were air dried (for approximately 7–10 days), oven dried at 30 ± 4 °C, or freeze dried. All dried samples were sifted using 2 mm (10 mesh) standard sieves before they were further ground and sifted through 0.15 mm (100 mesh) standard sieves.



The homogenized samples underwent microwave digestion or acid digestion to complete the digestion process. The microwave digestion method involved adding 1 mg of the sample into 9 ± 0.1 mL concentrated nitric acid and 3 ± 0.1 mL concentrated hydrochloric acid and mixed evenly. Microwave digestion devices were used to heat samples to 175 ± 5 °C at a rate of approximately 10 °C/min, and the temperature was maintained for 10 ± 1 min. Each sample was poured into a volumetric flask and diluted with reagent water. The supernatant digestion solution was collected and analyzed using instruments. The acid digestion method involved adding 0.01 mg of the sample into the digestion vessel. Then, 10 mL of (1:1) nitric acid, 5 mL of concentrated acid, 2 mL of water, and 3 mL of 30% hydrogen peroxide were sequentially added to the vessel, which was heated to 95 ± 5 °C by vapor collection devices. After each reflux condensation without boiling the sample, 1 mL of 30% hydrogen peroxide was added until the sample was heated and minimum bubbles were present or the sample appearance remained unchanged. Then, 10 mL of concentrated hydrochloric acid was added to the digestion solution, which was then heated to 95 ± 5 °C. The nonboiling sample underwent reflux for 15 min. After the sample was condensed, it was diluted to a constant volume of 100 mL using reagent water. Whatman Grade 40 filter papers (or equivalent products) or centrifugal methods were employed to collect the supernatant digestion solution for instrumental analysis.



Digestion solutions can be determined through flame atomic absorption spectrometry for cadmium (Cd), chromium (Cr), Cu, nickel (Ni), lead (Pb), and zinc (Zn). Graphite furnace atomic absorption spectrometry can be used to determine arsenic (As), Cd, Cr, Cu, Ni, Pb, and Zn content. Inductively coupled plasma atomic emission spectrometry or inductively coupled plasma mass spectrometry can be used to determine As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn.




2.3. Graphic and Spatial Analysis


The sediment data had to be processed using appropriate statistical methods to identify the value distributions and trends. A box-and-whisker plot [26] is a common schematic method for presenting descriptive statistics. The method yields five-number summaries, including the first quartile, median, third quartile, minimum, and maximum. In consideration of the absence of previous irrigation canal baseline data in Taiwan, 1.5 × interquartile range can be added to the third quartile to obtain the outlier value as the screening basis for high pollution potential sites.



Bar charts provided concentration distribution trends of pollutants, visualizing pollutants with higher concentrations and concentration trends for different sediment sites with icons. Pie charts and radar charts facilitated the comparisons of different types of data such as the number of sediment pollution sites in different counties and cities and the distribution and number of agricultural land pollution sites.



A geographic information system was adopted to present vector or grid information that provided coordinate information including the sediment sampling site, agricultural land, pollution source, irrigation canal, and surface water. Spatial analysis was conducted to extract the data characteristics of different ranges for spatial distribution patterns.





3. Results and Discussion


3.1. Cu Distribution in Irrigation Canal Sediments


Sediment quality data for irrigation canals, rivers, and reservoirs between 2014 and 2019 were collected. The numbers of sampling sites in irrigation canals, rivers, and reservoirs are 292, 443, and 276, respectively. The Cu concentration distribution is shown in Figure 1 and Table S1 (Supplementary Materials). The median concentrations of the three water body types were similar, with 26.6, 21.6, and 18.3 mg/kg for irrigation canals, rivers, and reservoirs, respectively. The sediment concentration in the third quartile for irrigation canals was approximately twice that of rivers and reservoirs; the sediment concentrations of the three water bodies were 62.5, 31.7, and 26.7 mg/kg, respectively. Compared with rivers and reservoirs, the Cu cumulative concentration in sediments from irrigation canals was notably higher.



The irrigation canal sampling sites were collected in 15 counties and cities. Given the industrial characteristics of counties and cities, different sediment flow and distribution trends may have been present. Therefore, sediment concentration variation in the 15 counties and cities was explored separately. The distribution of the sampling sites of irrigation canals is presented in Figure 2 and Figure 3 and Table S2 (Supplementary Material). The average number of sampling sites per county or city was 17. Changhua had the most sampling sites (32), followed by Hualien (29), whereas Hsinchu City had the fewest (5). Descriptive statistics of sediment concentration data (Figure 3) indicated that the highest average concentration was observed in Changhua, where it reached 340 mg/kg. The concentrations in Taoyuan (105 mg/kg), New Taipei City (105 mg/kg), and Pingtung (92.2 mg/kg) were higher than the overall average concentration (79.2 mg/kg). The median concentrations of Pingtung (80.6 mg/kg) and Taipei City (80.3 mg/kg) were similar and both high. The median concentration of Taoyuan was 75.0 mg/kg. The median concentrations of Changhua (59.5 mg/kg), New Taipei City (56.9 mg/kg), Hsinchu City (41.7 mg/kg), and Yilan (34.8 mg/kg) were higher than the overall median concentration (26.6 mg/kg). In general, compared with the overall irrigation canal sediment concentration distribution pattern in Taiwan (Figure 3), the sediment concentration distribution patterns of Pingtung, Taoyuan, New Taipei City, Hsinchu City, Changhua, and Taipei City were high.




3.2. Pollution Characteristics Analysis


3.2.1. Irrigation Canal Sediment Pollution and Agricultural Land Pollution Site Patterns


Taiwan’s sediment management policy uses the upper limit value of sediment quality guidelines as the value to commence risk assessment. Table 1 shows the lower and upper limit values of sediment quality guidelines for heavy metals. Based on logistic regression model, the ecological effects of an individual species can be considered to be “rarely observed” (≤25% possibility) if a metal concentration falls below the lower limit; those at upper-limit concentrations are likely to have more apparent ecological effects making their effects more “frequently observed” (≥50%). Regarding the use of risk assessment results as the basis for determining treatment necessity, no control standard to determine pollution level has been stipulated. Therefore, the outlier value exceeding the upper extreme of the box-and-whisker plot was used to determine the pollution of sediments. Moreover, because sediments could resuspend and flow into agricultural land with irrigation water or accumulate by suspended solids in effluent [27], the pollution potential of sediments may be consistent with the characteristics of downstream polluted agricultural land [21]. However, because the sampling time of sediments and soil of polluted agricultural land differed, heavy metal pollutants in sediments across counties and cities and those in control sites of polluted agricultural land soil (hereinafter referred to as the polluted agricultural land site) were compared. Survey results up to the time the current study was reported were used to assess possible pollution intervention patterns.



According to the study hypothesis of pollution determination, the upper extreme of the overall irrigation canal sediment concentration in Taiwan (132 mg/kg) was used as the reference. A total of 25 sites exhibited Cu concentrations higher than the upper extreme in sediments. The distribution of the 25 sediment pollution sites and the sediment pollutants and concentrations are shown in Figure 4. The number of pollution sites was highest in Taoyuan (eight sites), followed by Changhua (seven sites) and Pingtung (four sites). Miaoli, Kaohsiung, and New Taipei City each had two pollution sites. In addition, the overall outliers for As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn in irrigation canals was calculated to understand the pollutants (as detailed in Figure 5 and Table S3 (Supplementary Materials)). Among the 25 sediment pollution sites, most pollution patterns containing Cu concurrently contained Cr, Cu, Ni, Pb, and Zn (eight sites, approximately 32%), followed by the pattern concurrently presenting Cr, Cu, Pb, and Zn (five sites, 20%), and the patterns of Cu + Pb, Cu + Pb + Zn, and Cu + Zn (each with two sites, 8%). Most other patterns also presented these five heavy metals (Cr, Cu, Ni, Pb, and Zn).



Agricultural land pollution site characteristics for each county and city are summarized in Table 2. The agricultural land pollution sites were located mainly in Taoyuan (47%) and Changhua (45%). In the heavy metal pollutant patterns, most sites contained Cu pollution, totaling 3341 sites (59.8%), followed by pollution sites containing Cr, Cu, Ni, and Zn (10.8%) and the pattern of Cu and Zn (7.9%). The aforementioned three patterns accounted for nearly 80% of the agricultural land pollution sites. In addition to Cr, Cu, Ni, and Zn, pollutants including Cd, Pb, As, and Hg were identified in low proportions.



Again, sediment pollution sites and agricultural land pollution sites were mainly distributed in Taoyuan and Changhua (Figure 6). The agricultural land pollution sites in Taoyuan generally contained Cu, with these totaling 2400 sites and accounting for 92% of the total number of agricultural land pollution sites in Taoyuan. The sediment pollution sites did not present notable patterns. Cr, Cu, Ni, Pb, and Zn were all possible pollutants. The agricultural land pollution sites were mainly distributed in areas near TY4 in northeastern Taoyuan (as detailed in Section 3.2.2). Overall, 71% (5/7) and 26% (648/2501) of sediment and agricultural land pollution sites in Changhua, respectively, exhibited pollution patterns containing Cr, Cu, Ni, and Zn. In addition, the locations of the patterns were distributed closely (as detailed in Section 3.2.3).




3.2.2. Analysis of Sediment Pollution and Possible Pollution Sources in Taoyuan


Sediment pollution sites, irrigation canals, agricultural land pollution sites, possible pollution sources, and surface waters in Taoyuan are plotted in Figure 7. The areas with both sediment and agricultural land pollution sites were distributed between the trunk lines of Sinjie Drainage and Pusin Drainage. At the west side of the Sinjie Drainage trunk line and the east side of the trunk line of Pusin Drainage, irrigation canals are present. The irrigation area of TY4 was less likely to include irrigation canals supplying irrigation beyond the range between the two drainages. Therefore, the preliminary comparison of the pollution characteristics of sediment and agricultural land pollution sites in the range between these drainages was conducted.



The sediment pollution characteristic items in TY4 indicated mainly Cr, Cu, and Pb. The agricultural land pollution sites were in the area that bordered Sinjie Drainage to the west, Pusin Drainage to the east, Taoyuan Da Zun to the south, and the shoreline to the north. A total of 1503 agricultural pollution sites were present in this area, accounting for 58% of all the agricultural pollution sites in Taoyuan. In this area, 97% of the agricultural land pollution sites were mainly polluted by Cu. Agricultural land containing both Cr and Cu accounted for 0.7%. Two Pb-containing agricultural land pollution sites were 1.3 km from the sediment pollution sites. Given that Pb in agricultural soil must reach 500 mg/kg to be identified as pollution (48.7 mg/kg of Pb in sediment was used as the pollution criterion in this study), a preliminary inference was made that the criterion was possibly related to the low proportion of Pb-containing agricultural land pollution sites. For Cr and Cu, the characteristics of sediment pollution sites corresponded to those of the agricultural land pollution sites. Agricultural land pollution sites with patterns of Cu + Zn pollution (1%), Cd + Cu pollution (0.4%), and Cd + Cu + Zn pollution (0.1%) were located close to the downstream area of drainage trunk lines. The patterns might be related to downstream pollution; Zn and Cd were not found in the sediments.



In terms of the number of potential Cu sources in Taoyuan City, bare printed circuit boards (PCBs) manufacturing has the largest number, accounting for about 43% of the total factories, followed by surface treatments with 15% of the total. The Cu emission amount is also the highest in the PCB manufacturing industry, which accounted for about 78% from 2014 to 2019. A comparison of the pollution sources revealed that two PCB factories (Factory A and B) and an industrial area (Industrial A) were located at the upstream area of sediment pollution sites, two factories operated near the trunk line of Sinjie Drainage, and another 4 PCB factories operated (Factory C, D, E, and F) near the trunk line of Pusin Drainage at the downstream the sediment pollution sites. The heavy metal release mass of the six factories and the industrial area into flowing water during the period 2014–2019 are shown in Figure 8. The two upstream factories were located near the upstream area of the canal with the sediment pollution sites, where the heavy metal masses of releases were mostly Cu (approximately 86%), Ni (approximately 9.3%), and Pb (approximately 3.4%). The release of Cr was small (from only one factory source; approximately 0.1%). The sediments therefore presented pollution characteristics of Cr, Cu, and Pb. However, the level of Ni in the sediments did not attain the level of pollution, possibly because of nonhomogenous samples or different sampling time points or for other reasons. Ni was also not notably present in agricultural land pollution sites. The overall heavy metal mass of release was high in Industrial Area A, with considerably different pollutants. Therefore, most agricultural land pollution sites with Cd, Cr, Ni, Pb, and Zn were located near the Pusin Drainage trunk line. Fewer corresponding characteristics were found in sediment pollution sites.



An investigation of historical survey data on the research area suggested that agricultural land pollution possibly resulted from effluent entering irrigation water sources. Although irrigation water quality might not appear abnormal, the constant accumulation of low concentrations of heavy metal might cause heavy metal buildup in agricultural land soil [28,29]. In addition, the EPA of the Executive Yuan in Taiwan analyzed the water quality and suspended solids at the diversion dams of the Pusin Drainage trunk line and found that most suspended solids were composed of Cu pollutants. The analysis indicated that the water and suspended solids contained 0.103 mg/L and 2890 mg/kg of Cu pollutants, respectively [27]. Suspended solids, with their notably high proportion of Cu pollution, are prone to enter sediments or agricultural land with irrigated water.



Taoyuan’s main irrigation source is Shihmen Reservoir, which offers approximately 47% and 48% of the irrigation water consumed in Taoyuan and Shihmen Management Office areas, respectively. For the remaining 53% of irrigation water, supplementation by nearby rivers and drainages is relied upon [30,31]. Between 2014 and 2019, approximately 61% of Cu in industrial wastewater was released into rivers or drainages [32]. To facilitate appropriate water resource use, irrigation water surplus was returned (i.e., return water). Investigation revealed that return water in the irrigation area of Shihmen Management Office accounted for 20% of the overall water resource [30], leading to the possible pollution of agricultural land downstream due to the return of polluted water sources upstream [28]. The summary results of the present study indicated that the pollution characteristics of sediment pollution sites were consistent with those of agricultural land pollution sites (Cr and Cu) and the characteristics of sediment pollution sites were similar to pollution sources (Cr, Cu, and Pb), suggesting similar sources of pollution at the sediment and agricultural land pollution sites. Therefore, the main cause of sediment pollution accumulation in Taoyuan was inferred to be the irrigation canals (rivers or drainages) affected by industrial pollution and return water utilization.




3.2.3. Analysis of Sediment Pollution and Possible Pollution Sources in Changhua


Sediment pollution sites, irrigation canals, areas with different irrigation sources, agricultural land pollution sites, possible pollution sources, and surface waters in Changhua are plotted in Figure 9. Most waterways in Changhua were planned as municipal or business drainage. The north and south sides of the research area were the Wu River and the Zhuoshui River, respectively. In addition to the two rivers, multiple drainages were categorized as irrigation canals in Changhua. Dividing the irrigation area according to water sources renders single water source areas (Wu River, Zhuoshui River, and Jiuzhuoshui River Drainage trunk line), double water source areas (Wu River and Yangzicuo Drainage trunk line, Zhuoshui River and Yuliao River Drainage trunk line, and Jiuzhuoshui River Drainage trunk line and Zhuoshui River), and triple water source areas (Jiuzhuoshui River Drainage trunk line, Zhuoshui River, and Wanxing Drainage trunk line). Sediment and agricultural land pollution sites categorized according to water sources are shown in Table 3. Most sediment pollution sites were irrigation canals with water sources from the Wu River and the Wu River + Yangzicuo Drainage trunk line. The irrigation area of the Wu River contained two sediment pollution sites, and the pollutants from the two sources, respectively, were Cr, Cu, Ni, Pb, and Zn, and Cr, Cu, and Ni. The irrigation area with the Wu River and Yangzicuo Drainage trunk line as the water sources contained five sediment pollution sites, of which three had Cr, Cu, Ni, Pb, and Zn; one had As, Cr, Cu, Ni, and Zn; and one had Cu and Ni. Aside from As, the pollutants in the two irrigation areas were quite similar.



In all, 2501 agricultural land pollution sites in Changhua contained Cu. The agricultural land pollution sites in the Wu River irrigation area accounted for 57% (1431 sites) of all the Cu-containing agricultural land pollution sites in Changhua. Many in the irrigation area (38% or 538 agricultural land pollution sites) contained Cr, Cu, Ni, and Zn. Approximately 20% of the sites (287) presented only Cu. Approximately 12% (175 sites) and 11% (159 sites) of the agricultural land pollution sites contained the patterns of Cu + Ni and Cu + Ni + Zn, respectively. The agricultural land pollution sites in the Wu River and Yangzicuo Drainage trunk line irrigation area accounted for approximately 30% (747 sites) of all the Cu-containing agricultural land pollution sites. In this area, most (63%, 473 sites) agricultural land pollution sites contained Cu pollution, followed by those presenting the patterns of Cu + Zn (17%, 129 sites), Cu + Ni (8%, 60 sites), and Cu + Ni + Zn (6%, 47 sites). The pollution patterns of the sediment and agricultural land pollution sites implied that the main pollutants were Cr, Cu, Ni, and Zn. Pb, which exhibited a trend similar to that in Taoyuan, which was found in sediment pollution sites but not in agricultural land pollution sites.



According to the heavy metal mass of the release of various receiving waters between 2014 and 2019 (shown in Table 4), the main irrigation water sources of sediment pollution sites were the Wu River and the Yangzicuo Drainage trunk line. The mass of release of Cu into the Yangzicuo Drainage accounted for 51% of the total amount of mass of release of Cu. Although the mass of release of Cu was only 3% in the Wu River, the receiving waters for 38% of the Cu release were not clearly recorded. Regarding the Cr mass of release, 33% and 7% entered the Yangzicuo Drainage trunk line and the Wu River, respectively. For the Ni mass of release, 9% and 2%, respectively, entered the Yangzicuo Drainage trunk line and the Wu River; whereas the receiving waters for 79% of the Ni release were not recorded. Regarding the Zn mass of release, 22% and 9% entered the Yangzicuo Drainage trunk line and the Wu River, respectively. The results revealed that irrigation water sources were the main receivers of wastewater. A study in 1999 noted that if an annual mean of water conductivity of greater than 750 μmho/cm indicated water pollution, as recorded during the period 1979–1996, then 46%–86.2% of irrigation water was contaminated in Changhua [33]. Figure 9 presents the spatial distribution of possible pollution sources. The distribution suggests that considerable possible pollution sources existed in the irrigation areas of the Wu River and the Zhuoshui River. Historical survey data revealed that along the bank between upstream and downstream areas of the Yangzicuo Drainage trunk line, many unregistered illegal electroplating factories secretly discharged unprocessed waste solutions into the Yangzicuo Drainage trunk line at midnight. Numerous environmental auditing results have revealed that most heavy metal pollution in Changhua was from the illegal discharge of wastewater by legal electroplating factories and unauthorized pipelines installed by illegal factories [34]. In addition, many irrigation canals were discovered to be using return water [34], which further resulted in the polluted water affecting the soil quality of agricultural land downstream. Therefore, considerable irrigation from drainages or rivers affected by industrial pollutants and the presence of both legal and illegal factories in the irrigation area were the main causes of sediment pollution in Changhua.






4. Conclusions


Taiwan completed its first heavy metal detection survey in sediments in irrigation canals in 2019, during which a total of 292 data were collected. Compared with rivers and reservoirs, sediment heavy metal concentrations in irrigation canals, especially Cu, were substantially higher. A division by counties and cities revealed that most sites with high Cu concentrations in sediments were located in Taoyuan City and Changhua County, where 60% (15/25) of sediment pollution sites were discovered to contain a high Cu content, and 91% (5106/5589) of agricultural land pollution sites were recorded to contain Cu.



The sediment pollution sites, Cu-containing agricultural pollution sites, and pollution sources in Taoyuan and Changhua were compared. Notably, the heavy metal release items of sediment pollution sites and possible pollution sources upstream in Taoyuan were consistent; both contained Cr, Cu, and Pb. In addition, the proportion of Cu mass of release was considerably high (86%). The sediment pollution sites in Changhua were with the main pollutants being Cr, Cu, Ni, Pb, and Zn and the main pollutants in agricultural land pollution sites were Cr, Cu, Ni, and Zn. These results revealed that the pollution characteristics in sediment pollution sites, agricultural land pollution sites, and pollution sources were highly consistent. We also noticed that return water irrigation may compromise downstream irrigation water quality because of polluted water returned upstream. The results indicated that the primary cause of sediment pollution in Taoyuan might be irrigation water sources from polluted rivers or drainages and return water. For Changhua, irrigation sources included drainages that receive the discharge of most wastewater pollution in the county. Incidences of return irrigation and illegal discharge of wastewater were reported in certain regions, which polluted sediments in Changhua. Results from this study establish a valuable linkage of the distribution of Cu and common heavy metal pollutants in the sediments of irrigation canals, polluted agricultural sites, and these potential heavy metal sources to understand the possible causes of sediment pollution. These results also demonstrate the importance of the adequate management of irrigation and drainage systems to prevent the accumulation of Cu and common heavy metal pollutants in sediment and its subsequent pollution to farmland.
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Figure 1. Box-and-whisker plot analysis of sediment quality in irrigation canals, rivers, and reservoirs based on Cu concentration. The number in the parentheses is the number of sampling sites. 
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Figure 2. Irrigation canal sediment sampling sites and Cu concentration distribution in Taiwan. 
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Figure 3. Box-and-whisker plot analysis of Cu concentration in irrigation canal sediment sampling sites in various counties and cities in Taiwan. The number in the parentheses is the number of sampling sites in a city/county. 






Figure 3. Box-and-whisker plot analysis of Cu concentration in irrigation canal sediment sampling sites in various counties and cities in Taiwan. The number in the parentheses is the number of sampling sites in a city/county.



[image: Minerals 11 00416 g003]







[image: Minerals 11 00416 g004 550] 





Figure 4. Bar charts of pollutants and concentrations of 25 sediment pollution sites. 
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Figure 5. Heavy metal statistics of irrigation canals in Taiwan. The number in the parentheses is the number of metal appearance in the sampled irrigation canals. 
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Figure 6. Pie charts of sediment and agricultural land pollution sites containing Cu. 
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Figure 7. Sediment and agricultural land pollution sites in Taoyuan and the distribution of possible pollution sources. 
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Figure 8. Radar charts of heavy metal mass of release at pollution sources near sediment pollution sites in TY4 (Note: Total mass of release of heavy metals during the period 2014–2019, unit: kg). 
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Figure 9. Distribution of the sediment and agricultural land pollution sites as well as possible pollution sources in Changhua County. 
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Table 1. The lower and upper limit values of sediment quality guidelines for heavy metals.
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	Sediment Quality Indicator
	Upper Limit (mg/kg)
	Lower Limit (mg/kg)





	As
	33.0
	11.0



	Cd
	2.49
	0.65



	Cr
	233
	76.0



	Cu
	157
	50.0



	Hg
	0.870
	0.230



	Ni
	80.0
	24.0



	Pb
	161
	48.0



	Zn
	384
	140
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Table 2. Summary of pollution characteristics in agricultural land pollution sites containing Cu.
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	Pollutant

(Cu Included)
	Yilan
	Pingtung
	Miaoli
	Tao-yuan
	Kaohsiung
	New Taipei
	Hsinchu

(City)
	Chang-hua
	Taichung
	Taipei
	Tainan
	Total
	Ratio





	As, Cr, Cu, Pb
	
	
	1
	
	
	
	
	
	
	
	
	1
	0.02%



	As, Cr, Cu, Ni, Zn
	
	
	
	
	
	
	
	1
	
	
	
	1
	0.02%



	As, Cu
	
	
	2
	
	
	
	
	2
	
	
	
	4
	0.07%



	As, Cu, Zn
	
	
	
	
	
	
	
	1
	
	
	
	1
	0.02%



	As, Cd, Cu, Ni, Pb
	
	
	
	
	
	
	
	1
	
	
	
	1
	0.02%



	Cr, Cu
	
	
	
	16
	
	
	4
	17
	25
	
	
	62
	1.11%



	Cr, Cu, Pb, Zn
	
	
	
	2
	
	1
	
	
	
	
	
	3
	0.05%



	Cr, Cu, Zn
	
	
	
	4
	
	
	
	10
	3
	
	2
	19
	0.34%



	Cr, Cu, Ni
	1
	
	
	1
	
	
	9
	139
	89
	
	
	239
	4.28%



	Cr, Cu, Ni, Zn
	
	
	
	1
	
	
	1
	595
	5
	
	
	602
	10.8%



	Cu
	
	1
	6
	2400
	1
	8
	5
	850
	61
	2
	7
	3341
	59.8%



	Cu, Hg
	
	
	
	2
	
	
	
	1
	
	
	
	3
	0.05%



	Cu, Pb
	
	
	
	1
	
	2
	
	
	
	
	
	3
	0.05%



	Cu, Pb, Zn
	
	
	
	1
	6
	1
	
	6
	
	
	1
	15
	0.27%



	Cu, Zn
	1
	
	
	154
	
	6
	
	266
	1
	
	14
	442
	7.91%



	Cu, Ni
	
	
	1
	3
	
	
	1
	285
	12
	
	3
	305
	5.46%



	Cu, Ni, Pb
	
	
	
	
	
	
	
	1
	
	
	
	1
	0.02%



	Cu, Ni, Pb, Zn
	
	
	
	
	
	
	
	
	
	
	1
	1
	0.02%



	Cu, Ni, Zn
	
	
	
	3
	
	
	
	246
	5
	
	
	254
	4.54%



	Cd, Cr, Cu, Pb, Zn
	
	
	
	
	
	
	
	
	
	
	2
	2
	0.04%



	Cd, Cr, Cu, Ni
	
	
	
	
	
	
	
	12
	
	
	
	12
	0.21%



	Cd, Cr, Cu, Ni, Pb, Zn
	
	
	
	
	
	
	154
	
	
	
	
	154
	2.76%



	Cd, Cr, Cu, Ni, Zn
	
	
	
	
	
	
	22
	52
	
	
	
	74
	1.32%



	Cd, Cu
	
	
	
	13
	
	
	
	
	
	1
	
	14
	0.25%



	Cd, Cu, Hg
	
	
	
	
	
	
	
	
	
	1
	
	1
	0.02%



	Cd, Cu, Hg, Ni, Pb, Zn
	
	
	
	
	
	
	
	
	
	
	1
	1
	0.02%



	Cd, Cu, Pb
	
	
	
	
	
	
	
	
	
	
	1
	1
	0.02%



	Cd, Cu, Pb, Zn
	
	
	
	
	
	
	
	
	
	
	6
	6
	0.11%



	Cd, Cu, Zn
	
	
	
	4
	
	
	
	
	
	
	4
	8
	0.14%



	Cd, Cu, Ni
	
	
	
	
	
	
	
	5
	
	
	
	5
	0.09%



	Cd, Cu, Ni, Pb
	
	
	
	
	
	
	
	3
	
	
	
	3
	0.05%



	Cd, Cu, Ni, Pb, Zn
	
	
	
	
	
	
	
	
	
	
	2
	2
	0.04%



	Cd, Cu, Ni, Zn
	
	
	
	
	
	
	
	8
	
	
	
	8
	0.14%



	Total
	2
	1
	10
	2605
	7
	18
	196
	2501
	201
	4
	44
	5589
	100%



	Ratio
	0.04%
	0.02%
	0.18%
	46.6%
	0.13%
	0.32%
	3.51%
	44.75%
	3.60%
	0.07%
	0.79%
	100%
	







Note: Agricultural land soil pollution was determined according to Soil Pollution Control Standards, in which the criteria for each pollution item are 60 mg/kg for arsenic; 5 mg/kg for cadmium; 250 mg/kg for chromium; 200 mg/kg for copper; 5 mg/kg for mercury; 200 mg/kg for nickel; 500 mg/kg for lead; and 600 mg/kg for zinc.
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Table 3. Summary of the sediment and agricultural land pollution sites of different water sources.
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Water Source

	
Wu River

	
Wu River/Yangzicuo Drainage Trunk Line

	
Jiuzhuoshui River Drainage Trunk Line/Zhuoshui River




	
Sediment Pollution Sites Number

	
Sediment Pollution Sites Ratio

	
Agricultural Land Pollution Sites Number

	
Agricultural Land Pollution Sites Ratio

	
Sediment Pollution Sites Number

	
Sediment Pollution Sites Ratio

	
Agricultural Land Pollution Sites Number

	
Agricultural Land Pollution Sites Ratio

	
Agricultural land Pollution Sites Number

	
Agricultural Land Pollution Sites Ratio






	
Cu

	
0

	
0%

	
287

	
20%

	
0

	
0%

	
473

	
63%

	
0

	
0%




	
Cr, Cu, Ni, Zn

	
1

	
50%

	
538

	
38%

	
4

	
80%

	
22

	
3%

	
0

	
0%




	
Cu, Ni

	
0

	
0%

	
175

	
12%

	
1

	
20%

	
60

	
8%

	
0

	
0%




	
Cu, Zn

	
0

	
0%

	
68

	
5%

	
0

	
0%

	
129

	
17%

	
1

	
50%




	
Cu, Ni, Zn

	
0

	
0%

	
159

	
11%

	
0

	
0%

	
47

	
6%

	
0

	
0%




	
Cr, Cu, Ni

	
1

	
50%

	
118

	
8%

	
0

	
0%

	
1

	
0%

	
0

	
0%




	
Cd, Cr, Cu, Ni, Zn

	
0

	
0%

	
43

	
3%

	
0

	
0%

	
0

	
0%

	
0

	
0%




	
Cr, Cu,

	
0

	
0%

	
8

	
1%

	
0

	
0%

	
7

	
1%

	
1

	
50%




	
Cd, Cr, Cu, Ni

	
0

	
0%

	
11

	
1%

	
0

	
0%

	
0

	
0%

	
0

	
0%




	
Cr, Cu, Zn

	
0

	
0%

	
8

	
1%

	
0

	
0%

	
0

	
0%

	
0

	
0%




	
Cd, Cu, Ni, Zn

	
0

	
0%

	
7

	
0%

	
0

	
0%

	
1

	
0%

	
0

	
0%




	
Cu, Pb, Zn

	
0

	
0%

	
0

	
0%

	
0

	
0%

	
6

	
1%

	
0

	
0%




	
Cd, Cu, Ni

	
0

	
0%

	
4

	
0%

	
0

	
0%

	
0

	
0%

	
0

	
0%




	
Cd, Cu, Ni, Pb

	
0

	
0%

	
1

	
0%

	
0

	
0%

	
0

	
0%

	
0

	
0%




	
As, Cu

	
0

	
0%

	
1

	
0%

	
0

	
0%

	
0

	
0%

	
0

	
0%




	
As, Cr, Cu, Ni, Zn

	
0

	
0%

	
1

	
0%

	
0

	
0%

	
0

	
0%

	
0

	
0%




	
As, Cu, Zn

	
0

	
0%

	
0

	
0%

	
0

	
0%

	
1

	
0%

	
0

	
0%




	
As, Cd, Cu, Ni, Pb

	
0

	
0%

	
1

	
0%

	
0

	
0%

	
0

	
0%

	
0

	
0%




	
Cu, Hg

	
0

	
0%

	
0

	
0%

	
0

	
0%

	
0

	
0%

	
0

	
0%




	
Cu, Ni, Pb

	
0

	
0%

	
1

	
0%

	
0

	
0%

	
0

	
0%

	
0

	
0%




	
Total

	
0

	
100%

	
1431

	
100%

	
0

	
100%

	
747

	
100%

	
2

	
100%








Note: An absence of irrigation water source indicates that no agricultural land pollution site was identified in the irrigation area.
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Table 4. The mass of release, the ratio of heavy metal released in single water source, and the ratio of single heavy metal released among water bodies in Changhua.
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Mass of Release (kg)






	
River/Drainage Basin

	
As

	
Cd

	
Cr

	
Cu

	
Hg

	
Ni

	
Pb

	
Zn

	
Total




	
Yangzicuo Drainage

	
3

	
1

	
928

	
3988

	
0

	
881

	
35

	
2421

	
8257




	
Others

	
189

	
0

	
573

	
2964

	
4

	
8055

	
140

	
6287

	
18212




	
Erlin River Drainage

	
0

	
0

	
146

	
397

	
0

	
762

	
0

	
504

	
1810




	
Wu River

	
0

	
0

	
189

	
270

	
0

	
212

	
1

	
969

	
1640




	
Yuanlin Drainage

	
1

	
1

	
721

	
190

	
0

	
129

	
5

	
238

	
1283




	
Wanxing Drainage

	
0

	
0

	
12

	
21

	
0

	
13

	
0

	
84

	
131




	
Jiuzhuoshui River Drainage

	
0

	
0

	
261

	
8

	
0

	
115

	
2

	
299

	
684




	
Qingshui River SubsidiaryDrainage

	
0

	
0

	
1

	
7

	
0

	
3

	
0

	
38

	
49




	
Maoluo River

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
Total

	
193

	
2

	
2832

	
7845

	
4

	
10,170

	
182

	
10,839

	
32,067




	
Ratio of Heavy Metal Released in Single Water Source (%)




	
River/Drainage Basin

	
As

	
Cd

	
Cr

	
Cu

	
Hg

	
Ni

	
Pb

	
Zn

	
Total




	
Yangzicuo Drainage

	
0%

	
0%

	
11%

	
48%

	
0%

	
11%

	
0%

	
29%

	
100%




	
Others

	
1%

	
0%

	
3%

	
16%

	
0%

	
44%

	
1%

	
35%

	
100%




	
Erlin River Drainage

	
0%

	
0%

	
8%

	
22%

	
0%

	
42%

	
0%

	
28%

	
100%




	
Wu River

	
0%

	
0%

	
12%

	
16%

	
0%

	
13%

	
0%

	
59%

	
100%




	
Yuanlin Drainage

	
0%

	
0%

	
56%

	
15%

	
0%

	
10%

	
0%

	
19%

	
100%




	
Wanxing Drainage

	
0%

	
0%

	
9%

	
16%

	
0%

	
10%

	
0%

	
64%

	
100%




	
Jiuzhuoshui River Drainage

	
0%

	
0%

	
38%

	
1%

	
0%

	
17%

	
0%

	
44%

	
100%




	
Qingshui River SubsidiaryDrainage

	
0%

	
0%

	
3%

	
14%

	
0%

	
6%

	
0%

	
77%

	
100%




	
Maoluo River

	
0%

	
0%

	
0%

	
63%

	
0%

	
0%

	
0%

	
38%

	
100%




	
Total

	
1%

	
0%

	
9%

	
24%

	
0%

	
32%

	
1%

	
34%

	
100%




	
Ratio of Single Heavy Metal Released among Water Bodies (%)




	
River/Drainage Basin

	
As

	
Cd

	
Cr

	
Cu

	
Hg

	
Ni

	
Pb

	
Zn

	
Total




	
Yangzicuo Drainage

	
2%

	
41%

	
33%

	
51%

	
0%

	
9%

	
19%

	
22%

	
26%




	
Others

	
98%

	
9%

	
20%

	
38%

	
100%

	
79%

	
77%

	
58%

	
57%




	
Erlin River Drainage

	
0%

	
0%

	
5%

	
5%

	
0%

	
7%

	
0%

	
5%

	
6%




	
Wu River

	
0%

	
0%

	
7%

	
3%

	
0%

	
2%

	
0%

	
9%

	
5%




	
Yuanlin Drainage

	
0%

	
49%

	
25%

	
2%

	
0%

	
1%

	
3%

	
2%

	
4%




	
Wanxing Drainage

	
0%

	
1%

	
0%

	
0%

	
0%

	
0%

	
0%

	
1%

	
0%




	
Jiuzhuoshui River Drainage

	
0%

	
1%

	
9%

	
0%

	
0%

	
1%

	
1%

	
3%

	
2%




	
Qingshui River SubsidiaryDrainage

	
0%

	
0%

	
0%

	
0%

	
0%

	
0%

	
0%

	
0%

	
0%




	
Maoluo River

	
0%

	
0%

	
0%

	
0%

	
0%

	
0%

	
0%

	
0%

	
0%




	
Total

	
100%

	
100%

	
100%

	
100%

	
100%

	
100%

	
100%

	
100%

	
100%
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