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Abstract: Industrial effluent containing heavy metals discharged into streams may pose 

high toxicity risks to aquatic organisms and to human health. Therefore, it is important to 

understand how to change the amount of effluent with heavy metals discharged from 

industries into open aquatic ecosystems both for effective management of heavy metals and 

to foster sustainable ecosystems. This study was conducted to characterize the release of 

heavy metals from industries based on the Pollutant Release and Transfer Registers 

database in Korea from 1999 to 2010. From the database, we selected nine heavy metals 

(Pb, Cd, Mn, Sb, Cu, Zn, Cr, Sn, and Ni) and compared the differences in their effluent for 

different types of industries. The heavy metal effluents released into freshwater ecosystems 

were classified into four clusters through the learning process of the self-organizing map. 

Cluster 1 was characterized by the relatively higher effluent volumes of heavy metals, 

whereas cluster 4 had lower effluent volumes. The different patterns of the effluent 

volumes in heavy metals were closely associated with the differences of industrial types, 

and the changes of effluents of heavy metals reflected the changes in regulations and laws 

for aquatic ecosystem management. 

Keywords: heavy metals; Pollutant Release and Transfer Registers; self-organizing map; 

Toxics Release Inventory (TRI); spatial and temporal changes  
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1. Introduction 

Heavy metal contamination is a worldwide environmental problem in the aquatic ecosystems. 

Mining and industrial processing are the main sources of heavy metal contamination [1,2]. Among 

these anthropogenic activities, urbanization has caused the detrimental environmental disruption of 

freshwater ecosystems, especially due to effluents from industrial complexes [3–5]. Aquatic organisms 

have suffered from the inflow of heavy metals in industrial effluents and this could eventually 

influence human health [6–9]. Heavy metals may be accumulated to a toxic concentration level that 

can lead to ecological damage [10]. For instance, fish development is affected by the heavy metals in 

the early life stages, such as hatching, larval development and juvenile growth [11]. Therefore, a lot of 

efforts such as strengthening the environmental standards and policies for monitoring aquatic 

ecosystems have been made worldwide to maintain the water quality as well as aquatic health.  

The US Congress created the Toxics Release Inventory (TRI) pursuant to the Emergency Planning 

and Community Right to Know Act (EPCRA) after the severe impact from a methyl isocyanate leak 

by accident in Bhopal, India, in 1984 [12]. The purpose of the TRI system is to provide the public the 

information on the presence and release of toxic chemicals. The TRI requires manufacturing facilities 

that use threshold amounts of over 300 chemicals to publically report their estimated annual toxic 

emissions to land, air, and water, as well as shipments of waste offsite [13]. This environmental policy 

underlying premise of public disclosure can enable effective and informed participation by various 

constituencies to exert pressure on manufacturing facilities to improve their environmental 

performance [14]. Implementation of TRI in USA has resulted in a substantial reduction in emissions 

to the environment from industrial facilities [14]. As a result, the Organisation for Economic  

Co-operation and Development (OECD) advised member countries to implement regulations similar to 

TRI (for instance, National Pollutant Release Inventory (NPRI) in Canada, Pollution Inventory (PI) in 

England, and National Pollutant Inventory (NPI) in Australia) [15], resulting in the development of 

Pollutant Release and Transfer Registers (PRTR): PRTR is defined as a catalogue or register of releases 

and transfers of potentially harmful substances to the environment from a variety of sources [16]. 

The Ministry of Environment in Korea enforced a PRTR in 1999 based on the recommendation of 

OECD [17], and developed a standard method for estimating amounts of potentially harmful 

substances released and transferred prior to the formal implementation of TRI on the national  

scale [16,18]. The PRTR in Korea is serviced through the internet (http://ncis.nier.go.kr/tri/) to 

promote voluntary improvements on the management of chemical substances by business operators. It 

delivers information about hazardous chemical releases at different space and time to business 

operators and citizens and supports decision informed by all levels of industry, government, non-

governmental organization and the public (http://ncis.nier.go.kr/tri/). These PRTR data also provide 

important information regarding point-source emissions, although they do not contain geographical 

characteristics [19]. 

For effective decision making in the management of ecosystem health, it is necessary to understand 

how the amounts of effluent in heavy metals differ in space and time. Although there are many studies 

on the changes in water quality and toxicities of heavy metals [20–22], there are few comprehensive 

studies on the changing trends in heavy metals released from industrial areas to public waters on a 

nationwide scale. Therefore, in this study we aimed to characterize the spatial and temporal changes of 
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heavy metals released from industrial areas in public waters based on the PRTR in Korea, and to 

evaluate the relationships between the effluents of heavy metals and industry types.  

2. Materials and Methods 

2.1. Chemical Data 

We obtained a dataset with nine heavy metals (copper: Cu, lead: Pb, manganese: Mn, zinc: Zn, 

cadmium: Cd, chromium: Cr, tin: Sn, antimony: Sb, and nickel: Ni) from the PRTR system 

(http://ncis.nier.go.kr/tri/) operated by the Ministry of Environment of Korea from 1999 to 2010.  

The system provides the monitoring results for 426 chemicals in 15 administrative regions of Korea: 

Gyeonggi (GG), Gangwon (GW), Chungbuk (CB), Chungnam (CN), Gyeongbuk (GB), Gyeongnam 

(GN), Jeonbuk (JB), Jeonnam (JN), Seoul (SU), Inchon (IC), Daejoen (DJ), Daegu (DG), Gwangju 

(GJ), Ulsan (US), and Busan (BS). Those chemicals are divided into two groups according to the 

annual amounts handled (e.g., group I: more than 1 ton/year and group II: more than 10 ton/year). In 

addition, to study the relations between the effluents of heavy metals and industry types, we surveyed 

industrial types based on the PRTR system (http://ncis.nier.go.kr/tri/) and categorized industrial types 

into nine types (chemical products, metal products, textiles, electronic components, machinery and 

equipment, food products, non-metallic mineral products, transport equipment, and others) based on its 

main products (http://ncis.nier.go.kr/tri/). 

2.2. Modeling Process 

A self-organizing map (SOM) was used to characterize spatial and temporal differences of nine 

heavy metals effluents released from industries to open aquatic systems in Korean on a nationwide 

scale. The SOM averages the dataset in weight vectors through a learning process while removing 

noise [23]. The weight vectors in SOM tend to approximate the probability density function of the 

input vector and can be used for efficient clustering and visualization [24,25]. Visualization of weight 

vectors displays the contribution of each input variable to clusters on the trained SOM. 

The SOM consists of two layers (input and output layers) that are connected by connection 

intensities (weights). The input layer formed by computation units (neurons) receives input data and 

then calculates the distance between the weight vector and input vector by Euclidean distance. The 

output layer consisted of N output neurons on a two-dimensional hexagonal lattice. The number of 

output neurons was set to 45 (N = 9  5) map units by the heuristic equation [26]. Two criteria, the 

quantization error for resolution and the topographic error for topology preservation, were used to 

evaluate the map quality [25]. These error values were used as an indicator of the accuracy of the 

mapping in the preserving topology [27].  

After the learning process, the SOM units were classified based on a hierarchical cluster analysis 

using Ward’s linkage method with the Euclidean distance measure [28]. In this study, the total annual 

effluent of nine heavy metals in 15 different regions for the 12 years from 1999 to 2010 was used for 

the SOM training. The effluent of heavy metals was transformed by natural logarithm to reduce 

variation after adding one to all data to avoid the problem of logarithm zero being undefined. The 

functions provided from the SOM toolbox [29] were used in Matlab Ver. 6.1 [30] for training the 
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SOM. Multi-response permutation procedure (MRPP) was conducted to evaluate the significance of 

the clusters [31]. The MRPP is a nonparametric procedure for testing the hypothesis of no difference 

between groups defined by the SOM and was conducted using PC-ORD Ver. 4.25 [32]. 

Kruskal-Wallis (K-W) and Dunn’s multiple comparisons tests were conducted to compare the 

differences in the effluent of nine heavy metals among clusters defined by the SOM using statistical 

software Statistica Ver. 7 [33]. 

3. Results 

3.1. Changes in Released Amount of Materials 

The number of chemicals reported in PRTR was 30 in 1999, increased to a maximum of 75 in 2004, 

and decreased to below 55 after 2008 (Figure 1). The number of heavy metals also showed a similar 

pattern to that for total chemicals. However, the effluents of total chemicals and of heavy metals 

showed different temporal trends in their volumes. The total volume of chemicals displayed  

a decreasing trend from 1999 to 2010, whereas that of heavy metals displayed an increasing trend from 

1999 (11,183 kg/year) to 2007 (59,633 kg/year). 

Figure 1. Annual changes of effluent volumes and the number of chemicals released to 

public waters from 1999 to 2010. (a) All chemicals and (b) heavy metals. 

(a) (b) 

The number of industrial factories discharging heavy metals increased dramatically after 2003 for 

all heavy metals (Figure 2). The effluents of heavy metals were significantly correlated with the 

number of factories (r = 0.31, p < 0.01). Meanwhile, different heavy metals displayed different 

patterns of effluent volumes. Mn was reported in the PRTR after 2001, and it displayed a slight change 

during the study period, with the exception of 2003, 2008, and 2009. Effluent volumes of Pb and Cd 

were high in 2006, and those of Ni, Cr, and Cu were at a maximum value in 2007. Mn, Zn, and Sb 

displayed the highest effluent volumes in Ulsan (Figure 3), whereas other heavy metals showed 

relatively high values at Gyeonggi (Cr, Ni, and Cu) and Gyeongbuk (Pb, Sn, and Cd). 

Nine heavy metals displayed significant relationship with each other in their effluent volumes 

(Table 1). For example, Mn was highly correlated with Zn (r = 0.55, p < 0.01) and Sb (r = 0.53,  

p < 0.01), but it was not significantly correlated with Cr, Sn, and Ni (r = 0.11, r = 0.14 and r = 0.11, 

respectively, P > 0.05). Sb was positively correlated with Pb (r = 0.52, p < 0.01) and Cu (r = 0.50,  

p < 0.01). 
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Figure 2. Changes of the number of industrial factories and effluents of nine heavy metals 

from 1999 to 2010.  

 

Figure 3. Changes of effluents of nine heavy metals in different regions from 1999 to 

2010. GG: Gyeonggi, GW: Gangwon, CB: Chungbuk, CN: Chungnam, GB: Gyeongbuk, 

GN: Gyeongnam, JB: Jeonbuk, JN: Jeonnam, SU: Seoul, IC: Inchon, DJ: Daejoen, DG: 

Daegu, GJ: Gwangju, US: Ulsan, and BS: Busan. 
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Table 1. Spearman rank correlation coefficients between effluents of nine heavy metals. 

Heavy Metals Cr Pb Sn Zn Ni Cd Cu Mn 

Pb 0.18 *        
Sn 0.33 ** 0.29 **       
Zn 0.37 ** 0.29 ** 0.25 **      
Ni 0.36 ** 0.01 0.18 * 0.15     
Cd 0.18 * 0.17 * 0.33 ** 0.28 ** 0.19 *    
Cu 0.35 ** 0.22 ** 0.25 ** 0.33 ** 0.33 ** 0.21 *   
Mn 0.11 0.17 * 0.14 0.55 ** 0.11 0.30 ** 0.49 **  
Sb 0.21 * 0.52 ** 0.47 ** 0.32 ** 0.08 0.26 ** 0.50 ** 0.53 **

*: p < 0.05; **: p < 0.01. 

From 2001 to 2010, the dominant Korean industries were the manufacture of chemical products and 

the manufacture of metal products (Figure 4). However, their ratios among the total industries 

discharging heavy metals decreased after 2001 and 2003, as the number of industrial factories was 

dramatically increased. Meanwhile, the ratios of the manufacture of transport equipment and others 

were gradually increased. 

Figure 4. Changes of industrial types from 2001 to 2010. 

  

3.2. Differences of Nine Heavy Metals in Space and Time 

The trained SOM characterized the differences of heavy metal effluents in space and time (Figure 5). 

The final quantization and topographic errors of the SOM learning were 0.432 and 0.014, respectively, 

indicating that the SOM was smoothly trained in topology. Based on the dissimilarities in the 

dendrogram of hierarchical cluster analysis and U-matrix, the SOM output units were classified into 

four clusters (1-4) that differed significantly (MRPP, A = 0.31, p < 0.001) (Figure 5). The number of 

samples in each cluster was visualized as the size of the hexagonal lattice in each SOM unit.  

The clusters showed differences in the effluent of nine heavy metals among study regions. The relative 

ratio of samples from Ulsan and Gyeongbuk were higher in cluster 1, whereas the ratio of samples from 

Gyeonggi and Chungnam were higher in cluster 2. Most of the samples in cluster 3 consisted of samples 
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from Busan, Gwangju, Daejeon, and Gyongnam. Meanwhile, samples in cluster 4 were widely 

distributed in Korean on a nationwide scale except for Ulsan, Gyeongbuk, Jeonnam, and Gyeonggi. 

Figure 5. (a) Classification of samples based on nine heavy metals released into freshwater 

ecosystems in Korea from 1999 to 2010 through the training of self-organizing map 

(SOM), (b) U-matrix, and (c) dendrogram of the hierarchical cluster analysis with  

the Ward linkage method using Euclidean distance for the SOM units. 

 

The effluent volumes of nine heavy metals were significantly different among clusters (Dunn’s test, 

p < 0.05) (Figure 6). The effluent volumes of Pb, Cd, Mn, and Sb were significantly higher in cluster 1 

than in other clusters, and those of Cd and Sb showed no significant differences among three different 
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Daegu were found in cluster 3 with the exception of 2004 (cluster 4), 2007 and 2008 (cluster 2), 

whereas the samples from Seoul for 2004–2007 were limited to cluster 4. These regions showed 

relatively low effluent volume in heavy metals with small number of factories. 

Figure 6. Differences in nine heavy metals among the four clusters defined in the SOM. 

Different letters indicate significant differences between the clusters based on Dunn’s test 

after a Kruskal–Wallis test (p < 0.05). Error bars indicate standard error. 

 

Figure 7. Differences in effluent of heavy metals for each industry types among the four 

clusters defined by the SOM. Different letters indicate significant differences between the 

clusters based on Dunn’s test after a Kruskal–Wallis test (p < 0.05). Error bars indicate 

standard error. 
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Table 2. Differences in the number of industries (standard error) at different industry types 

at different clusters defined in SOM. Different letters indicate significant differences 

between the clusters based on Dunn’s test after a Kruskal–Wallis test (p < 0.05). 

Industrial Types 
SOM Clusters 

1 2 3 4 
Chemical products 28.6 (4.9) a 28.5 (5.7) a 12.7 (2.5) b 5.2 (1.0) b 

Metal products 44.7 (7.1) a 48.2 (7.7) a 17.7 (3.7) b 7.9 (2.6) b 
Textiles 1.8 (0.6) ab 3.8 (1.0) a 1.3 (0.4) ab 0.2 (0.1) b 

Electronic components 16.4 (3.8) ab 12.3 (2.9) a 1.8 (0.4) bc 3.5 (0.6) c 
Machinery and equipment 10.1 (1.5) a 7.6 (1.1) ab 5.1 (1.1) bc 1.9 (0.6) c 

Food products 1.0 (0.4) a 1.5 (0.4) a 0.2 (0.1) ab 0.0 (0.0) b 
Non-metallic mineral products 8.0 (2.0) a 2.8 (0.5) a 1.6 (0.5) b 0.8 (0.2) b 

Transport equipment 4.6 (1.0) ab 6.8 (1.2) a 3.3 (0.5) ab 2.2 (0.5) b 
Others 7.5 (1.3) a 4.4 (1.0) a 0.6 (0.2) b 0.7 (0.2) b 

4. Discussion  

Large industrial complexes have been built in Korea since the 1960s according to the national 

policy prioritizing economic growth. Even though the expansion of industrialization has achieved 

dramatic industrial and economic development, the rapid industrialization has caused severe 

environmental pollution and industrial disasters. For example, 93 serious industrial accidents were 

reported in Korea for a 10 year period (1988 to 1997) [34]. These accidents led to an increase of social 

concerns about both the environmental problems related to the industrialization as well as with 

instilling a sense of occupational safety. As a result, regulations and laws concerning environmental 

pollutions have legislated and strengthened, especially focusing on industrialization. In addition, public 

interest and environmental organizations pressed for the general availability of information related to 

toxic chemicals [18]. Consequently, monitoring and prevention of heavy metal pollution has received 

considerable attention due to their toxicity and potential bioaccumulation of heavy metals in many 

aquatic species and in humans [3,7,35,36]. Wang et al. [2] mentioned that the health risks posed by 

exposure to heavy metals of local inhabitants in Tianjin, China who were threatened by consumption 

of heavy metals accumulated in both vegetables and fish. Additionally, understanding changes of 

heavy metal effluent related to industrial type is important for management of heavy metals released 

into aquatic ecosystems. Seo et al. [37] reported that the ecotoxicology effect of industrial effluent 

differed depending on types of business. In this study, we characterized the spatial and temporal 

changes of heavy metals released from industrial areas to public waters based PRTR system on a 

nationwide scale through the SOM analysis, and evaluated the relationships between the effluents of 

heavy metals and industrial types. 
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Figure 8. Examples of temporal changes in the effluent patterns of heavy metals in the 

SOM map and annual changes in the effluents of nine heavy metals at (a) Ulsan, (b) 

Chungnam, (c) Seoul, and (d) Daegu. Two digit numbers in the SOM maps indicate years 

(for example, 99: 1999, 01: 2001, etc.). 
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To reflect this social interest and the changes of the social system in response to the OECD 

council’s request [16], the Ministry of Environment (MOE) in Korea investigates environmental 

pollutants from various facilities, and the surveyed information has been opened to the public through 

the PRTR system. The establishment of the PRTR system and the intensification of the government's 

environmental policy have made the investigation of chemical substances discharged into the 

environment (air, water, and soil) to be strengthened. These government’s efforts were well reflected 

in the changes of effluents in PRTR system in this study, showing different temporal changes of 

different chemicals. Even though the number of discharged materials into the environment largely 

increased (i.e., 60 in 1999 to 242 chemicals in 2011) [17,38], the number of chemicals released from 

industrial areas to public waters increased dramatically in 2001 (63 chemicals) and decreased to below 

55 chemicals after 2008 (Figure 1). The total volume of chemicals released from industrial areas to 

public waters was 1,315,884 kg/year in 1999 and decreased to under 300,000 kg/year after 2001 

(Figure 1). These differences were caused by the PRTR system settlement and the strengthening of 

legislation. In fact, 16 chemicals such as sodium hydroxide and arsenic and its compounds were not 

released into tributaries after 2007 because of strengthened regulations and laws [38].  

The effluent volumes of heavy metals were high in cluster 1, which mainly include the samples 

from Ulsan and Gyeongbuk, whereas low in cluster 4, which consist of samples widely distributed in 

Korea on a nationwide scale except Ulsan, Gyeongbuk, Jeonnam, and Gyeonggi (Figure 6). These 

differences are due to regional differences in industrial structure and scale of industrial complex. For 

instance, Ulsan, which mostly is located in cluster 1, is one of the most representative industrial 

complexes in Korea including heavy industry and automobile industry, whereas Gangwon, which is 

located in cluster 4, is composed of small local industrial complex. The changes in industrial structure 

in same region led to changes of the effluents of heavy metals. For instance, the number of factories 

and the effluents of heavy metals in Seoul were decrease after the mid 2000s (Figure 8), and it was 

related to changes of industrial structure in Seoul. In fact, Seoul Digital Industrial Complex  

(Guro Industrial Park), which is representative industrial area in Seoul, is transformed and accelerated 

to the technology-intensive small and medium enterprises and knowledge-based service firms after  

the mid 2000s [39]. In addition, the effluents of heavy metals were significantly correlated with  

the number of factories (r = 0.31, p < 0.01) (Figure 2). Park et al. [40] also reported that the industrial 

area in Seoul, Daegu, and Gangwon were analyzed to be declining from 2001 to 2008, whereas other 

regions (Busan, Inchon, Gwangju, Daejoen, Ulsan, Gyeonggi, Chungbuk, Chungnam, Jeonbuk, 

Jeonnam, Gyeongbuk, and Gyeongnam) showed expansion on their industrial areas. These results 

agree with our results. The industrial complexes in Seoul and Daegu in clusters 3 and 4 have reduced 

their factories with relatively low effluent volume in heavy metals, whereas the number of factories in 

Chungnam and Ulsan showed increased pattern (Figure 8).  

Our results showed clearly the differences of heavy metals effluents at different regions in different 

years, reflecting the differences of industrial structure and size of industrial complexes as well as the 

efforts such as strengthening the environmental standards and policies for monitoring aquatic 

ecosystems to reduce pollution level. The improvement of environmental condition might be promoted 

by social concerns with increase of economic situation and environmental education in Korea.  
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5. Conclusions 

This study was conducted to characterize spatial and temporal changes of heavy metals released into 

open water systems based on PRTR system in Korea. The number of industrial factories discharging 

heavy metals increased dramatically after 2003 for all heavy metals. The heavy metal effluents released 

into freshwater ecosystems were classified into four clusters through the learning process of the SOM. 

Cluster 1 was characterized by the relatively higher effluent volumes of heavy metals, whereas cluster 4 

had lower effluent volumes. The different patterns of the effluent volumes in heavy metals were closely 

associated with the differences of industrial types, and the changes of effluents of heavy metals reflected 

the changes in regulations and laws for aquatic ecosystem management. 
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