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Abstract
Background
Rapid industrialization has caused various impacts on nature, including heavy metal pollution. However, the impacts of industrialization vary depending on the types of industrializing activity and surrounding environment. South Korea is a proper region because the rapid socio-economical changes have been occurred since the late nineteenth century. Therefore, in this study, we estimate the anthropogenic impacts on an ecosystem from a sediment core of Yonghwasil-mot, an irrigation reservoir on the western coast of Korea, in terms of heavy metal concentrations, nutrient influx, and pollen composition.

Results
The sediment accumulation rate (SAR) determined by 210Pb geochronology showed two abrupt peaks in the 1930s and 1950s, presumably because of smelting activity and the Korean War, respectively. The following gradual increase in SAR may reflect the urbanization of recent decades. The average concentrations of arsenic (As), copper (Cu), and lead (Pb) during the twentieth century were > 48% compared to those before the nineteenth century, supporting the influence of smelting activity. However, at the beginning of the twenty-first century, the As, Cu, and Pb concentrations decreased by 19% compared to levels in the twentieth century, which is coincident with the closure of the smelter in 1989 and government policy banning leaded gasoline since 1993. The pollen assemblage and nutrient input records exhibit changes in vegetation cover and water level of the reservoir corresponding to anthropogenic deforestation and reforestation, as well as to land-use alteration.

Conclusions
Our results show that the rapid socio-economic development since the twentieth century clearly affected the vegetation cover, land use, and metal pollutions.
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Introduction
ince the industrial revolution, industrial activities have affected the Earth’s climate and environment in regional to global scales in various aspects, including soil pollution, land use, and vegetation (Mackereth 1966; Bradbury and van Metre 1997; Kim and Rejmánková 2001). These pieces of knowledge are of particular importance for the assessment of impact by the expansion of anthropogenic activity, as well as for mitigation of future environmental disturbances in developing or emerging industrializing countries, whose global share of manufacturing value added per capita (MVA) is increasing (Facevicova et al. 2020).
Korean Peninsula has been one of the most rapidly industrialized regions in the world since the last twentieth century, and it is therefore suitable for studying the environmental influences of rapid industrialization and accompanying socio-economic changes. The industrialization in Korea has been mainly focused on the coastal area (Kim 2005). Previous studies conducted at the eastern and southern coasts of the Korean Peninsula observed the heavy metal pollution caused by industrial complexes, including refineries and factories, since the 1960s (Kim 2005; Kim and Kim 2010; Cho et al. 2015). However, nevertheless, the industrialization on the western coast started earlier than that on the eastern and southern coast by the construction of railroads and ports to facilitate rice exportation during the early twentieth century, and the environmental impact at the western coast of the Korean Peninsula has not been paid much attention not only because this region is more characterized by agricultural land and estuaries but also because the modern industry has largely been developed on the southeastern coast of the Korean Peninsula. Furthermore, a large smelter was constructed at the southwestern edge of the Seocheon area, in front of the estuary between the Geum River and the Yellow Sea. The smelting activities have induced heavy metal pollution of soil (Kim and Baek 1994; Kim et al. 1996; Woo et al. 2010; Jeong et al. 2011); however, its impacts on nearby lacustrine and wetland environment have not been well studied around this region.
This study aims to reconstruct the hydrological, ecological, and environmental changes during the rapid industrialization of the west coast of Korea in recent decades. To do this, we analyzed sediment accumulation rate (SAR), pollen assemblage, and heavy metal concentrations from a sediment core drilled at Yonghwasil-mot, a lake located in Seocheon, West Coast of Korea. The laminated sediments in various environments record the past ecological and environmental changes in time order. Therefore, together with a proper age-depth model, a sediment core allows us to quantify the impacts of recent industrialization, such as trace-metal and road dust contamination by urbanization during the last three decades (e.g., Yu et al. 2012), or polycyclic aromatic hydrocarbon concentrations associated with the growth of population and development of social infrastructures (e.g., Liu et al. 2012). In addition, to obtain an independent, reliable chronology in multiannual to decadal time scales for the recent decades, our sediment core was dated by the short-lived radioactive lead-210. Therefore, this study will contribute to our better understanding of the extent and mechanism of the environmental and ecological imprints of rapid industrialization through the twentieth century on the West Coast of Korea.
Site description and sampling
Seocheon is located in the southwestern part of the Korean Peninsula (35° 59′–36° 11′ N, 126° 52′–126° 30′ E). It is in the vicinity of the West Sea to the west and is close to the Geum River to the south (Fig. 1). Yonghwasil-mot (Yonghwasil Reservoir or Deogam Reservoir, 36° 04′ N, 126° 72′ E), which was built for the purpose of irrigating paddies at least 100 years ago (Kim 2012), has an area of 30,000 m2 in an elliptical shape. The study area includes a hilly plain less than 100 m above sea level with marine alluvial deposits due to land reclamation. Bedrock around the reservoir consists mainly of Precambrian granite gneiss (Song et al. 2008). The Janghang smelter was constructed about 6 km southwest of the study site in 1936. About 90 m of the smoke stake of the Janghang smelter was constructed on the top of the Mt. Jeonmang, whose elevation is 56 m above sea level. Yonghwasil-mot is presently located at the northern edge of the National Institution of Ecology (NIE). It was dredged during the construction of the NIE.
[image: ../images/41610_2020_165_Fig1_HTML.png]
Fig. 1A map of Seocheon, western coast of the Korean Peninsula showing the locations of the study site (Yonghwasil-mot) and the Janghang smelter. The right inlet is the enlargement around the sampling site (black star)


In March of 2011, we collected a sediment core with a depth of 60 cm by driving a 5.5-cm-diameter plastic open-end sampler into Yonghwasil-mot when the reservoir was drained for dredging. The core was immediately transported to the laboratory in a cooler and kept in a freezer. The frozen core was sectioned into 1-cm-thick samples. About 1 g of wet sediment was subsampled for pollen analysis. The remaining amount of each sample was dried at 60 °C and ground with a ball mill (Pulverisette 23 mini-mill, Fritsch, Germany) for physical and chemical analyses.
Analytical method
Lead-210 (210Pb) dating
210Pb activity (alpha spectrometry) was measured at the Korea Basic Science Institute (KBSI). Subsamples from 1- to 40-cm depth were analyzed at intervals of 2 cm for 210Pb activity. 210Pb activities for non-analyzed intervals were interpolated. The supported 210Pb activity was estimated from the total 210Pb activity by assuming that the background activity of total 210Pb in the bottom portion of the core represented the supported 210Pb activity (Binford 1990; Kim et al. 2001). The ages of these sediments were calculated from the unsupported 210Pb activity using the Constant Rate of Supply (CRS) model (Appleby and Oldfield 1978).
Pollen analysis
Pollen analysis was conducted at 1 cm intervals throughout the 60-cm sediment core using a modified standard method (Faegri and Iverson 1989) that included KOH treatment, ZnCl2 flotation, dehydration, and acetolysis. Two tablets of Lycopodium (batch 938934, Dept. of Quaternary Geology, Lund University) were added to each sample as an exotic tracer (Kim et al. 2001; Kim 2003). We counted pollen up to 300 grains or 100 Lycopodium spores per sample. Pollen taxa were identified at a magnification of ×400 by referring to a pictorial book of Korean pollen (Chang and Rim 1979; Chang 1986). The identified pollen taxa were divided into three groups: arboreal, herb, and aquatic/wetland. The percentages of arboreal and herb pollen were calculated by dividing each group sum by the sum of arboreal and herb pollen. Percentages of aquatic taxa were calculated based on the terrestrial and aquatic taxa sum (Faegri and Iverson 1989). Pollen counts were converted to concentrations based on Lycopodium spores and sample amount (Kim et al. 2001; Kim 2003). Some rare herbaceous plant taxa observed were omitted from the pollen diagram.
Physical and chemical stratigraphy
Bulk density was calculated as dry weight per wet volume. Fresh wet sediment was weighed immediately and dried at 105 °C for more than 24 h to measure dry mass. Organic matter content was determined with a loss on ignition by combustion in a muffle furnace at 550 °C for 4 h (Dean 1974). Total carbon and total nitrogen contents were determined using an elemental analyzer (Flash EA 1112 Series CHNS-O Analyzer, Thermo Finnigan) at The National Instrumentation Center for Environmental Management (NICEM) of Seoul National University. To determine concentrations of heavy metals (As, Cd, Cr, Cu, Ni, Pb, Zn) and total phosphorus (P), 0.50 g of sediment sample was digested with 10 ml of nitric acid (trace metal grade, Fisher Scientific) in a closed microwave digestion system (MarsXpress, CEM, Program no. EPA 3051-24-Xpress) following the EPA 3051 method. Total P and heavy metal contents were measured with an inductively coupled plasma mass spectrometer (Varian 820-MS, Varian) at NICEM.
Results
Depth-age model and accumulation rate
The 210Pb profile showed relatively constant activity in the top 20 cm of the core. However, an abrupt change in activity was observed at 22-cm depth (Fig. 2a). Below 23 cm, total 210Pb activity declined with small-amplitude fluctuations, reaching supported levels below 40 cm. Supported 210Pb activity was determined as 39.3 ± 2.5 mBq g-1, estimated as the mean activity over the deepest four samples (Fig. 2a). Therefore, the 210Pb-based chronology is constrained for the upper 40 cm of the core. The sediment at 40-cm depth was dated to AD 1863 (Fig. 2b).
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Fig. 2Total 210Pb activity with depth (a) and 210Pb dates with depth profiles (b) of the Yonghwasil-mot sediment core


Calculation of sedimentation and accumulation rate of the sediment core was based on changes in unsupported 210Pb activities with depth. The mass sediment accumulation rate was around 1.08 kg m-2 year-1 from AD 1863 to 1930, showed two abrupt peaks over AD 1930–1960, and became a gradual increase to the top of the core (squares with a solid line in Fig. 3). The organic matter accumulation rate (triangles with dashed line in Fig. 3) demonstrated similar trends with the mass sediment accumulation rate, ranging from 0.10 to 0.59 kg m-2 year-1.
[image: ../images/41610_2020_165_Fig3_HTML.png]
Fig. 3Changes in sediment accumulation rate (SAR) over time inferred from the 210Pb-based chronology


Pollen stratigraphy
The pollen composition analysis indicated that pine is the most abundant species since the AD 1930s, given that the pine pollen concentration explains ~ 96% of the variance of the total pollen concentration (r2 = 0.957, p < 0.001) (Fig. 4). Gramineae pollen appeared steadily for the whole period. Between 60- and 40-cm depth, the percentage of Alnus pollen decreased gradually while that of Pinus pollen increased. Cyperaceae and Artemisia pollen occurred in this period. The pollen concentration in this period was relatively low, with an average of 2.24 × 105 grains g-1. In the AD 1980s, pollen concentrations abruptly exceeded 100 × 105 grains g-1 and pollen deposition remained relatively high until recent years.
[image: ../images/41610_2020_165_Fig4_HTML.png]
Fig. 4Pollen percentage profiles of the Yonghwasil-mot sediment core. Horizontal lines indicate 210Pb-derived sediment dates


Biogeochemical properties
The Yonghwasil-mot sediment core consisted mostly of brownish-gray silty clay. The bulk density decreased continuously from a maximum at 47-cm depth to the surface. In contrast, the water content increased gradually in shallower layers, but decreased in the upper few centimeters. The decreasing water content in the upper layers was probably due to the temporary drainage of the Yonghwasil-mot during the sampling period. The organic matter (OM), total carbon (TC), total nitrogen (TN), and total phosphorous (TP) contents maintained near-constant levels below 23-cm depth (before AD 1956), but showed an abrupt transition over the 21–23-cm interval (Fig. 5). The OM, TC, TN, and TP contents in the upper 20 cm section were significantly higher than those in the deeper layers. The carbon to nitrogen ratio (C/N wt ratio) above the 44-cm depth displayed a stable value from 9.0 to 11.3. C/N values generally decreased over time, with the highest value being 16.03. TP remained fairly constant between 40- and 23-cm depth (average of 576.9 mg kg-1). However, this value increased by about three times above 22-cm depth.
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Fig. 5Physical and chemical variables in the Yonghwasil-mot sediment core


Heavy metal profiles
Concentrations of most heavy metals changed in three stages (Fig. 6). Metal concentrations in sediments below 44-cm depth indicated natural background levels. Subsequently, metal concentrations other than those of Ni and Cr increased in two stages, one at 44-cm depth and the other at 22-cm depth. Ni and Cr had their highest concentrations at 40-cm depth. They changed in similar patterns, unlike other heavy metal profiles. At 26–28 cm and 31–33 cm in depth, peaks were observed in the profiles of As, Pb, Cd, and Cu. Since the AD 2000s, concentrations of heavy metals, such as As, Pb, and Cu, in the study area decreased gradually.
[image: ../images/41610_2020_165_Fig6_HTML.png]
Fig. 6Major heavy metal concentrations in the Yonghwasil-mot sediment core


Discussion
Sedimentology
The sediment accumulation rate (SAR) exhibited a gradual increase since the late nineteenth century toward the present, interrupted by two spikes over the 1940–1960 periods (Fig. 3). The increases in SAR in the second half of the twentieth century have been observed from multiple lowland lake sediments and mainly attributed to recent urbanization, land-use change, and agricultural practices (e.g., Routh et al. 2004; Kim 2005; Rose et al. 2011; Borges and Nittrouer 2016). Enhanced runoff caused by increased precipitation is unlikely because the precipitation records from the six weather stations covering since the early twentieth century exhibit no significant precipitation increase during this interval around Korean Peninsula (located in Seoul, Mokpo, Daegu, Busan, and Gangreung) (Jung et al. 2011). In particular, the abrupt reduction of SAR in the 1960s in the Korean Peninsula was attributed to forest devastation by the Korean War (Kim 2005).
Our SAR data share common features with the results obtained from different study sites in the Korean Peninsula. Previous results from two reservoirs located in the south-eastern coast of the Korean Peninsula exhibited a rapid increase in SAR in recent decades (Kim 2005). In detail, a study site (Sangge reservoir) which is closer to the industrial complexes, showing a gradual increase since the 1940s and an abrupt increase from the 1980s because of the development of heavy industries (Kim 2005). In the meanwhile, the other site (Mujechi-neup), a montane Ramsar wetland with an altitude over 500 m a.s.l., has lower SAR by a factor of ~ 10 than Sangge reservoir and exhibits an abrupt decrease in the 1960s (Kim 2005) presumably due to the Korean War. The well-preservation environment and higher elevation might make this site (Mujechi-neup) more sensitive to the impact of the Korean War, while less sensitive to heavy industries in the watershed area. Considering the geographical closeness, the different evolution of SAR in the two sites underlines the impact of heavy industries on SAR. Our results from Yonghwasil-mot show both aspects—abrupt decrease in the 1960s followed by a gradual increase, indicating that this site might have been affected by industrialization and the Korean War. The recent increase in mass sediment accumulation rate in Yonghwasil-mot might also be related to the construction of buildings and paved road in the surrounding area (Kim and Kim 2010). Our findings add to the evidence that the industrialization and urbanization during the twentieth century affected the western coast of the Korean Peninsula.
Further, the phosphorus accumulation rate in Yonghwasil-mot was much higher than those found in Anderson Marsh and in enriched areas of the Everglades (Kim 2003), implying that the nutrient input into Yonghwasil-mot has been relatively high (Table 1).
Table 1Comparison of sediment accumulation rates (SAR) and element accumulation rates


	Region
	SAR (mm year-1)
	Dry mass (kg m-2 year-1)
	Organic carbon (kg m-2 year-1)
	P (g m-2 year-1)
	Source

	Yonghwasil-mot
	0.91–8.88
	0.79–4.27
	0.10–0.59
	41.85–456.71
	This study

	Sanggae reservoir
	2.91
	2.1–6.0
	0.01–0.8
	–
	Kim (2005)

	Mujechi-neup
	0.10–0.12
	0.2–0.4
	0.09–0.3
	–
	Kim (2005)

	Upo wetland
	0.4–10
	0.7–2.3
	–
	–
	Kim and Kim (2010)

	Anderson Marsh
	4.1–5.2
	1.07–1.38
	0.11–0.16
	1.17–1.32
	Kim (2003)

	Everglades
	1.6–4.0
	0.14–0.36
	0.005–0.010
	0.06–0.14
	Craft and Richardson (1993); Kim (2003)




Vegetation and water level change
The history of the water level change at Yonghwasil-mot was qualitatively inferred from the pollen records. The pollen percentage profiles can be divided by three stages (Fig. 4). The interval below 44-cm depth is characterized as the maxima of the Alnus pollen occurred with Querqus species, indicating relatively wet and warm conditions (Yi et al. 2008). As the Cyperaceae and Poaceae species favor the moist conditions (Hilbig 1995; Fowell et al. 2003), the higher abundances of Cyperaceae and Poaceae (Gramineae) in this stage further support the predominant wetland environment (Zhu et al. 2009; Miehe et al. 2014; Li et al. 2019), before construction of the Yonghwasil-mot as an agricultural reservoir. The elevated percentage of the Gramineae pollen is generally reflecting rice cultivation (e.g., Shen et al. 2005; Li et al. 2012; Park and Shin 2012); however, the low pollen density during this stage could be the result of low pollen inflow due to long dispersal distance or low pollen production (e.g., Van Campo et al. 1996; Brewer et al. 2017). Additionally, recurrent wetting and drying of sediment due to low water levels, indicating a harsh depositional environment, can cause the destruction of pollen grains and lower the pollen abundance (Bradbury and Van Metre 1997). Organic matter content fluctuated below 44 cm in depth compared to that in the upper part of the core (Fig. 5). The average C/N wt ratio below 44-cm depth was 12.28. The highest value was 16.03, although C/N wt ratio decreased over time. It has been reported that C/N wt ratios of 13–14 for sediments suggest a sub-equal mixture of algal and vascular plant contribution (Meyers and Teranes 2001). It may also represent the slow growth of plankton (Rubio et al. 2003). Because of the low water level, land-derived material might have been introduced into wetlands easily during this period. This could be the reason why organic matter content and C/N wt ratio are high and fluctuating.
The second stage of water level was observed at depths of 44 to 22 cm. A gradual increase in pollen concentration above 31-cm depth (AD 1930) may reflect changes in vegetation density, increased pollen productivity, and raised water level, implying a more stable depositional condition than before. Furthermore, fruits of Trapa japonica Flerow, a floating-leaved aquatic plant that grows in many lentic habitats and is sensitive to water level change (Kim et al. 2011; Nishihiro et al. 2014), were detected occasionally from 40-cm depth (around AD 1860) to the present. This implies that the water level at the study site had been maintained above 50 cm during most of the period since that time. An abrupt transition is observed over 44 to 38 cm depths where the percentages of Alnus and Gramineae decrease while Pinus increases. Both the decrease in Alnus and increase in Pinus indicate the anthropogenic deforestation-reforestation procedures (e.g. Yi et al. 2008), reflecting the historical fact that most wetlands in the study area were reclaimed for agricultural land (Park and Shin 2012). During this period, there was a large demand for irrigation to increase rice production around the Seocheon area. Partly because of this circumstance, Yonghwasil-mot’s water storage should have increased. The increased OM and stable C/N ratio support the increase of water level and stabilized depositional condition. The C/N wt ratio of around 6–12 in the sediments indicates planktonic algae and other autochthonous organic matter (Olsson et al. 1997; Meyers et al. 1998) and decreased land-derived nutrients.
The uppermost 22 cm of the core exhibits the highest water level. The increase in pollen concentration of pine species by a factor of 7 since AD 1982 indicates the elevation of water level (Fig. 4). This change could be related to the reforestation movement in Korea in the 1970s, during which small trees were cut, and pines were planted in most mountains (Kim 2002), but also to the Korean War because of frequent forest fire and extensive harvesting of timber trees (Kim 2005). Meanwhile, OM, TN, and TP increased as a result of the elevated nutrient input to Yonghwasil-mot during this period. This transition coincided with the socioeconomic movement in Korea that commenced from the 1960s, during which fertilizers, livestock, sewage, pesticides, and modern farming equipment were broadly disseminated (Park 2003). The overall ranges of TP are similar to those observed in other agricultural reservoirs in western Korea, where sediments were contaminated by sewage and livestock (e.g., Lee and Oh 2018).
Heavy metal pollution
Prominent anthropogenic activities such as traffic, construction of roads and buildings, and operation of industrial facilities have augmented the transport of soluble and particulate forms of nutrients and heavy metals from watershed and atmosphere, which are recorded in sediment (Boynton et al. 1995; Carpenter et al. 1998; Kim 2003). Our results indicate the increase in As, Pb, and Cu concentrations over the AD 1920s (Fig. 6), coincident with abrupt industrialization commenced by the construction of railroads and ports in Janghang that were opened at the beginning of the 1930s (Park and Sung 2012). Furthermore, the Janghang smelter started operation in 1936 and mainly refined gold. In the course of smelting, pollutants such as sulfuric acid gas, Cd, As, and Pb were fumed through its 90 m smokestack on a stony mountain with an altitude of 120 m above sea level (Castro and Sánchez 2003; Hocking et al. 1978; Kim 2014). However, the industrial activities were temporarily shutdown from 1945 to 1953 due to abrupt changes in socio-political environments, such as the independence of Korea and the Korean War. During this interval, reductions of As, Pb, Zn, and Cu concentrations were recorded. The smelter and other industries were reactivated from the late 1950s, and As, Pb, Zn, Cu, and Cd concentrations increased compared to the temporary shutdown period. The heavy metal concentrations started to decrease between the AD 1990s and the early 2000s following the closure of the main smelter in 1989. In the AD 1990s, most of the heavy metal concentrations, except for decreasing Zn and Cd concentrations, Zn and Cd are abundantly supplied by tire wear (Hopke et al. 1980; Taylor and Owens 2009). Their concentrations reflect the increased traffic in Seocheon. Pb was used as an anti-knock agent in gasoline in Korea until 1993. Therefore, Pb contents in sediments can reflect the usage of leaded gasoline (Renberg et al. 1994; Kim 2005). Because the Korean government banned the use of leaded gasoline in 1993, the recent decline in Pb contents (Murray and Gottgens 1997; Kim 2005) observed in the study area is reasonable. The Janghang smelter was located approximately 6 km southwestward of the core site, and many studies have reported high levels of anthropogenic metals from the Janghang smelter in the surface soil in the vicinity of the smelter (Kim and Baek 1994; Kim et al. 1996; Woo et al. 2010; Jeong et al. 2011). Considering the wind direction of the study area (Fig. 7) and that the Janghang smelter had a high smokestack, the heavy metal concentrations presented in this study imply that pollutant emissions from the smelter were higher than observed and that the contaminations in the lee side might be higher than those at the study site.
[image: ../images/41610_2020_165_Fig7_HTML.png]
Fig. 7The wind rose of Seocheon area (AWS data adapted from Korea Meteorological Administration, station location 36° 06248′ N, 126° 70411′ E)


Conclusion
In this study, we reconstructed paleoenvironmental changes at Yonghwasil-mot, in the western coast of the Korean Peninsula, to assess the influences of rapid socio-economic development during the last few decades on different environmental aspects. Our major findings are summarized as follows:
The study site shows a higher nutrient influx than other water reservoirs in Korea, probably because of chemical fertilizer use in nearby agricultural land. Reconstructions of past changes in water level and pollen composition imply that, before the mid-nineteenth century, the Yonghwasil-mot was a shallow wetland under a relatively dry environment that is a harsh condition for pollen deposition. Since the mid-1950s, the water level increased and the study site became a pond in coincidence with the expansion of farmland. Later, the pine species dominated due to the government implemented afforestation since the 1970s. The influence of industrialization began to appear in the late 1890s in the study area. Constructions of the Janghang train line and station and the Janghang smelter were visible in the sediment based on increased metal concentrations. Pb profile also indicated the consumption of leaded gasoline. Zn and Cd reflected an increase of traffic in Seocheon.
	1)The SAR evolutions since the 1930s exhibit coincident changes with socio-economic development and historical events around the study site.

 

	2)Vegetation and water level reconstructions imply that the Yonghwasil-mot was a shallow wetland under a relatively dry climate before the mid-nineteenth century. Since the mid-1950s, the water level increased and the study site became a pond coincident with the expansion of farmland. Later, pine species became dominant due to the government-implemented afforestation since the 1970s.

 

	3)The influences of smelting activity are clearly recorded in heavy metal (As, Cu, Cd, Pb, and Zn) concentrations of the sediment core. The metal pollutions occurred since the 1930s when the Janghang smelter was constructed and reduced during the temporary shutdown period. In addition, Cd, Pb, and Zn concentrations also reflect recent urbanization in Seocheon area.
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