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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Environmental forensics approach was 
applied for Hg isotope source tracing. 

• Four plausible contamination scenarios 
were assessed in a Hg-contaminated 
river. 

• Hg isotopes confirm that historical 
collapse of a landfill is the dominant Hg 
source. 

• Present Hg release is also possible given 
the elevated wastewater Hg level. 

• Landfill collapse and wastewater 
contribute 61 % and 22 % to the Hg- 
contaminated river.  

A R T I C L E  I N F O   

Editor: <Edward Burton>

Keywords: 
Source tracing 
Mercury contamination 
Isotope fingerprinting 
Wastewater 
Sediment 

A B S T R A C T   

Environmental forensics approach was applied to assess the efficacy of mercury (Hg) stable isotopes for source 
screening and decision-making in the Hyeongsan River, South Korea. Four Hg contamination scenarios were 
identified− atmospheric Hg emissions from a steel manufacturing industry, upstream riverine Hg transport, and 
industrial Hg releases and historical landfill collapse from Gumu Creek. The absence of significant Hg isotope 
difference between the Hyeongsan River sediments (δ202Hg; − 0.46 ± 0.17‰, Δ199Hg; − 0.04 ± 0.06‰) and the 
Gumu Creek sediment (δ202Hg; − 0.39 ± 0.26‰, Δ199Hg; − 0.04 ± 0.03‰) confirm that Hg source is originated 
from Gumu Creek. The heterogeneous Hg distribution throughout Gumu Creek and statistically similar Hg 
isotope ratios between Gumu Creek and solid waste cores from the landfill suggests that the landfill collapse is 
the dominant source to the Hyeongsan-Gumu system. Present Hg releases is also possible given the elevated and 
matching Δ199Hg between some riverine sediments and wastewater sampled from the landfill. The ternary 
mixing model estimates that the landfill collapse and wastewater releases contribute 61 ± 25 % and 22 ± 11 %, 
and the regional background, reflecting terrestrial runoff using deep sediment cores, explain 17 ± 24 % of Hg to 
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the riverine sediment. We suggest that Hg isotopes can be used for routine source screening in areas where Hg 
sources are unknown.   

1. Introduction 

Mercury (Hg) is a globally distributed toxic metal, which causes 
neurological and reproductive impairments to wildlife and humans [1, 
2]. Since industrialization, anthropogenic Hg emissions have resulted in 
3–5-fold Hg enrichments in global remote lake sediments [3–5]. Eco-
nomic activities demanding intentional use of Hg (i.e., Hg and gold 
mining, manufacturing of Hg-added products, and chlor-alkali industry) 
have introduced substantial amount of Hg into the surrounding water 
and soil [6,7]. Some of the most well-known Hg contaminated sites 
include the Minamata Bay, Japan, and East Fork Poplar Creek, Oak 
Ridge, U.S., both of which are impacted by historical Hg releases leading 
to widespread environmental and ecological effects [8,9]. 

As various aspects of the environmental impacts of Hg are investi-
gated at contaminated sites [10–12], the measurement of Hg stable 
isotopes has been demonstrated to be a useful tool for verifying Hg 
sources [13–15]. Hg reservoirs undergo mixing in the environment due 
to numerous physical processes, in which Hg sources with relatively 
distinct isotope ratios mix to varying degrees. Mass-dependent (MDF; 
δ202Hg) and mass-independent fractionation (MIF; Δ199Hg, Δ200Hg) 
provide a multi-dimensional system in which to analyze biogeochemical 
processes controlling the environmental fate of Hg. Hg isotopes have 
been employed to verify the spatial extent of historical Hg released to 
the Oak Ridge area, including East Fork Poplar Creek [16] and the 
Clinch River [17], by quantifying percent (%) contribution of various Hg 
sources (i.e., coal ash spill, regional background). The MDF and MIF 
induced via microbial and photochemical reductions have also provided 
insights into horizontal and vertical transport and partitioning of Hg in 
East Fork Poplar Creek [18]. 

Thus far, the utility of Hg isotopes for source apportionment has only 
been verified at sites where legacy or point Hg sources have already been 
characterized (Table S1). The relatively distinct Hg isotope ratios in 
various anthropogenic and natural sources (e.g., Kwon et al. [14]) 
suggest its potential application for routine source screening and envi-
ronmental decision-making (i.e., risk management, remediation, and 
liability allocation) even at newly discovered Hg contaminated sites. 
Here, we investigate a site within South Korea to evaluate the efficacy of 
Hg isotopes for source screening and decision-making at sites sur-
rounded by multiple historical and present industrial Hg source activ-
ities. In 2016, the discovery of elevated THg levels in the sediments and 
soil of the Hyeongsan River and associated tributary, Gumu Creek 
(Pohang, South Korea), triggered a national public health issue [19,20]. 
The Hyeongsan River supplies regional fisheries products and supports 
recreational activities including sport fishing and sailing. The Hyeong-
san River and Gumu Creek are surrounded by > 300 businesses and 
industries including the world’s fifth-largest steel manufacturing facil-
ity. Moreover, in 1994, a solid waste landfill, located at the head of 
Gumu Creek, collapsed into the creek [20,21]. 

We utilize an environmental forensics (EF) approach to delineate Hg 
sources to the Hyeongsan River and to specifically quantify the extent of 
Hg influence from Gumu Creek. EF is a technique that is useful at sites 
with unknown sources of contamination because it draws upon a set of 
systematic and integrated procedures to formulate technically defen-
sible information on the sources, responsible parties, and remedial ac-
tions [22,23]. While the application of non-traditional stable isotopes in 
EF has been limited relative to application of traditional stable isotopes 
[24,25], a number of cases have successfully employed lead (Pb), 
strontium (Sr), copper (Cu), zinc (Zn), and chromium (Cr) stable iso-
topes to build justifiable legal cases against industries that operated in 
contaminated riverine and groundwater systems [26–28]. In the U.S., 
the presence of contaminated site governance such as the Superfund 

Program (Comprehensive Environmental Response, Compensation, and 
Liability Act) has been pivotal in translating technical information into 
legal decisions and environmental action. The absence of such gover-
nance mechanisms in South Korea highlights the need to rely upon the 
guided scientific procedures to support decision-making. The aims of 
this study are to evaluate the efficacy of Hg stable isotopes in EF ap-
plications and to provide evidence for the importance of implementing a 
contaminated site governance mechanism in South Korea. 

2. Materials and methods 

By following the EF procedure outlined by Murphy and Morrison 
[29], we organize this section in the order of (1) site characterization, 
(2) scenario building, (3) chemical fingerprinting and/or data collection 
(depending on the contamination scenario), and (4) numerical analyses. 
Site characterization is used to generate broad understanding of the 
types and extents of anthropogenic activities, contaminants present in 
the environment, and their geographical distributions in relation to 
background sites. Site characterization is then used to formulate possible 
scenarios regarding sources, introduction pathways, and timing of 
release and/or emission of contaminants to the environment. The most 
likely scenario or proportional liability among multiple scenarios are 
quantified via chemical fingerprinting (Hg isotopes in this case), data 
collection of historical and present industrial activities, and statistical 
analyses. 

2.1. Site characterization 

The Hyeongsan River originates from Gyeongju City and flows into 
Yeongil Bay through Pohang City, South Korea (Fig. 1). It has a length of 
62 km, watershed area of 1140 km3, maximum width of 380 m, and a 
maximum depth of 5.2 m. The riverine flow rate ranges between − 24 
and 194 m3/s (15 ± 21 m3/s, n = 298) [30], with the negative flow rate 
suggesting the presence of back flow from Yeongil Bay to the River. 
Detailed hydrological and sediment dynamic assessments are currently 
being undertaken by the National Institute of Environmental Research 
(NIER). There are > 200 businesses and industries located upstream in 
Gyeongju City, which manufacture a diverse range of products including 
steel, electrical equipment, and non-ferrous metals [31]. The world’s 
fifth-largest steel manufacturing industry is situated at the downstream 
of the Hyeongsan River, near Yeongil Bay, and only few kilometers away 
from Gumu Creek (Fig. 1). Gumu Creek, a tributary of the Hyeongsan 
River located 3.8 km upstream from Yeongil Bay, is an open artificial 
creek developed for waste drainage. The Creek spans 4.8 km in length 
and a maximum width of 8 m. The flow rate of the Creek ranges between 
0.20 and 5.2 m3/s near the confluence with the River. A previous 
investigation by Bailon et al. [19] discovered that sediments of the 
Hyeongsan River (0.11–36 mg/kg, n = 18) and Gumu Creek (2.8–133 
mg/kg, n = 6) are severely contaminated by Hg. The types of Hg sources 
impacting this region and the potential Hg influence from Creek to the 
River have not been verified via chemical fingerprinting methods. In 
fact, Hyeongsan River sediments located 2.3 km upstream from the 
confluence with Gumu Creek also showed relatively elevated THg con-
centrations (1.7 mg/kg) [19], implying potential Hg transport from 
upstream reaches of the Hyeongsan or via adjacent terrestrial runoff 
and/or atmospheric deposition. 

There are > 300 businesses and industries in the vicinity of Gumu 
Creek, which manufacture products ranging from steel, electrical 
equipment, chemicals, and non-ferrous metals [32] and discharge 
treated wastewater into the Creek. In addition, it was reported that 50, 
000 tons of waste in a solid waste landfill, operated by a private 
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industry, collapsed into Gumu Creek in 1994. This waste was subse-
quently redeposited into the landfill as part of the incident response. In 
an initial survey of waste material, Jung et al. [20] found that com-
mercial liquid Hg, phenyl-Hg, and coal ash were materials deposited in 
the landfill historically, with THg concentrations within the landfill 
reaching up to 12 mg/kg. The landfill is still in operation and any 
wastewater generated from the facility is discharged via an underground 
sewer and specifically at GSP 4.7 of the Creek (Fig. 1). 

2.2. Contamination scenarios 

Based on the site characterization, we identified four plausible and 
non-exclusive scenarios to describe the observation of Hg contamination 
in the sediments of the Hyeongsan River and Gumu Creek. The summary 
of the contamination scenarios and EF approach taken for each scenario 
is illustrated in Fig. S1. First, atmospheric emissions followed by local-
ized deposition of Hg from the world’s fifth-largest steel manufacturing 
industry could explain the widespread Hg contamination in the 
Hyeongsan River and Gumu Creek (Scenario 1). Second, riverine Hg 
transport from upstream (Gyeongju City), in the form of suspended 
particles, deposited to the sediments of the Hyeongsan River (Scenario 
2). Given that the water flows from Gumu Creek into the Hyeongsan 
River, the upstream riverine Hg transport from Gyeongju City cannot 
explain Hg found within the creek. Thus, in this scenario, Gumu Creek 
would be impacted by Hg source other than the upstream suspended 
particles from the Hyeongsan River. Third, wastewater effluents and 
solid waste generated from multiple businesses and industries located 

along Gumu Creek supply Hg to the Creek and subsequently to the River 
via transport (Scenario 3). Fourth, the 1994 collapse of a solid waste 
landfill, situated at the head of Gumu Creek, is responsible for the 
widespread legacy Hg distribution in both the Creek and the River 
(Scenario 4). 

2.3. Sample and data collection 

Between April 2018 and September 2021, surface sediments along 
the Hyeongsan River and soil and sediments along Gumu Creek were 
collected (Fig. 1). Across the Hyeongsan River, sampling occurred at 
seven sites upstream of the confluence with Gumu Creek (HRS 0.2–HRS 
6.0) and 11 sites downstream of the confluence (HRS − 0.2–HRS − 6.2) 
(Table S2). Sediment cores (1 m depth) were collected using a PVC pipe 
at three locations upstream of Gumu Creek confluence (HRS 0.6, 3.9, 
4.4) to characterize regional background and historic Hg sources. Across 
Gumu Creek, 15 sediment samples at 11 locations (GCS 0.2–GCS 4.7; 
Table S3) and 12 soil samples at 12 locations (GCO 0.2–GCO 4.7; 
Table S4) were collected. Soil samples were collected from locations 
situated 1–8 m above the creek bed on a concrete structure built to 
receive treated wastewater from industrial pipes. While the concrete 
structure is solidified relatively uniformly across the Creek, there were 
substantial heterogeneity in soil type and grain size, and patches of 
dense vegetative cover at certain locations along the Creek. To ensure 
site representativeness, we collected various soil type along the entire 
Creek using an acid-cleaned shovel and the surface sediments (both top 
5 cm) were sampled using a PVC pipe. All samples were stored in clean 

Fig. 1. Map of the A) Hyeongsan River, B) Gumu Creek, and C) waste landfill (WL) located at the city of Pohang, South Korea. The circle symbols represent the 
sampling sites for sediment and soil, the triangle symbols represent the sampling sites for atmospheric deposition (particulates bound mercury and precipitation) and 
suspended particles in water column, the square symbols represent the sampling sites for solid waste in the waste landfill and the diamond symbol represents the 
sampling site of wastewater in the waste landfill. 

Y.G. Kim et al.                                                                                                                                                                                                                                  



Journal of Hazardous Materials 461 (2024) 132559

4

plastic bags and transported to the Environmental & Health Assessment 
Laboratory, Pohang University of Science and Technology, where they 
were lyophilized and analyzed without sieving. 

To test Scenario 1 and 2, atmospheric particulate bound mercury 
(PBM), precipitation, and suspended particles of the water column 
(HSP) were sampled at locations across Hyeongsan River and above the 
confluence with Gumu Creek between January 2021 and April 2022 
(Fig. 1). The PBM was collected using a high-volume air sampler (HV- 
1000R, Sibata) equipped with a 0.3 µm quartz filter situated on the 
rooftop of a building at a height of approximately 25 m. Precipitation 
was collected at the same site using an acid-cleaned Teflon bottle 
equipped with a glass p-trap and funnel, following the methods 
described in Motta et al. [33]. Precipitation samples (0.5–1.4 L) were 
treated with 1% BrCl and allowed to react for one month in dark at room 
temperature to ensure organic decomposition. HSP were collected dur-
ing baseflow by filtering 20 L of surface water in the field through a 
0.45 µm PTFE filter, and the filters were lyophilized prior to analysis. 

To evaluate Scenario 3, we utilized a dataset gathered by the Pohang 
local government in 2017 and 2018 (Table S7 and S8). Upon the dis-
covery of Hg contamination, the local government identified 50 in-
dustries which release treated wastewater into Gumu Creek, and 
sampled treated and untreated wastewater for Hg analyses. Solid waste 
samples of ash, sludge and slag were also collected and measured for 
THg concentration from 57 industries to verify potential illegal dumping 
of Hg contaminated waste. Separately, we sampled suspended particles 
of the water column (GSP) at six sites along Gumu Creek (GSP 0.2–4.8; 
Fig. 1) to investigate current Hg releases from businesses and industries 
including the solid waste landfill located at the head of the Creek. The 
GSP samples were collected on two rainy days (17 mm/day, 21 mm/ 
day) with time periods spanning the start and end of rainfall in March 
and April, 2022 and by filtering 20 L of surface water through a 0.45 µm 
PTFE filter. 

To evaluate Scenario 4, we collected cores of solid waste and 
wastewater samples from the landfill. Solid waste collected at four 
ranges of depths (5–6, 10–11, 15–16, 20–21 m) were sampled at two 
landfill sites (WL7, WL6) using a self-propelled top-hammer drill rig in 
April, 2020 (Fig. 1). The solid waste that collapsed into Gumu Creek and 
was subsequently recovered is thought to have been redeposited at the 
WL7 site. The semi-wet solid waste samples, extracted directly from the 
landfills, were frozen, freeze-dried, sieved at 150 µm, and homogenized 
for analyses. Five untreated and four treated wastewater were collected 
from the landfill between February 2021 and February 2022. The un-
treated wastewater includes leachate from the landfill and wastewater 
outsourced from nearby industries. The wastewater is then treated on 
site but the exact process of treatment has not been disclosed by the 
landfill. The general treatment processes within a solid waste landfill 
include outdoor suspension of large particles and/or advanced oxidation 
process with ultraviolet irradiation for organic chemical degradation 
[34,35]. After collection in 2 L bottles, samples were treated with 3 % 
BrCl and left for one month for organic decomposition. 

2.4. Chemical analyses 

THg concentrations in solid samples (sediment, soil, suspended 
particles, solid waste) were analyzed by atomic absorption spectroscopy 
(AAS; MA-3000 NIC). NIST SRM 3133 was used to generate a calibration 
curve and NIST SRM 2711a (Montana soil II, n = 15) was analyzed along 
with the samples, which showed THg recoveries between 96% and 103 
% relative to the certified value (7.42 ± 0.18 mg/kg). The relative 
standard deviations of replicate samples were all < 10 % (n = 20). PBM 
collected in a quartz filter was thermally decomposed using a dual-stage 
furnace to release Hg, which was trapped into 8 g of 1 % KMnO4 solution 
(in 10 % H2SO4). THg concentrations in liquid samples (precipitation, 
wastewater, PBM in 1 % KMnO4 solution) were analyzed by a cold vapor 
atomic fluorescence spectrometry (CV-AFS; Brooks Rand). Brooks Rand 
HgCl2 solution was used to generate a calibration curve and NIST SRM 

2711a in 1 % KMnO4 was analyzed between samples (n = 10), which 
ranged between 90 % and 98 % in THg recovery. Note that all THg 
concentrations are reported in dry weight (sediment, soil, suspended 
particles, solid waste, PBM), except for precipitation and wastewater. 

Hg in both solid and liquid samples were transferred into 1 % KMnO4 
for Hg stable isotope analyses. Solid samples were combusted via a dual- 
stage furnace and preconcentrated into 8 g of 1 % KMnO4. The THg 
recovery of the trapping procedure ranged between 89 % and 104 %. 
The method for Hg transfer in liquid samples is outlined by Demers et al. 
[36]. Briefly, 0.5 mL of 30 % HONH2⋅HCl was added into 1 L of 
BrCl-treated samples, followed by addition of 100 mL of 10 % SnCl2 for 
Hg2+ reduction. Released Hg was bubbled into 8 g of 1 % KMnO4 so-
lution. NIST RM 8610 was processed using the same method, yielding 
recoveries of 90–103 % (n = 3). 

Hg isotopes in all KMnO4 solutions were analyzed by a multi- 
collector inductively coupled plasma mass spectrometry (MC-ICP-MS, 
Nu plasma). Analysis of internal Tl standard (NIST SRM 997) and 
bracketing of standard–sample–standard (NIST SRM 3133) were applied 
to correct for instrumental mass bias. Analytical uncertainty (2 SD) of all 
samples was estimated based on replicate analyses of NIST SRM 2711a 
since it had the largest associated uncertainty. Table S5 summarizes the 
Hg isotope ratios of SRMs measured in this study and those reported in 
other laboratories. MDF, reported as δ202Hg, and MIF, reported as 
Δ199Hg, Δ200Hg and Δ201Hg, were calculated in units of permil (‰) 
referenced to NIST SRM 3133. 

2.5. Numerical analysis 

All numerical analyses were performed using Matlab R2022a. An 
independent t-test (Welch’s test) was applied to determine significance 
of difference in Hg isotope ratios between samples (p-value <0.05). The 
percent (%) contributions of three Hg sources (discussed in Section 3.5) 
in the sediments of the Hyeongsan River were calculated using a ternary 
mixing model, using a combination of reciprocal of THg concentration 
and isotope ratio, to minimize the effect of overestimation of a Hg source 
contribution with a high concentration [37–40]. In the following 
equations below, C is defined as % Hg contribution of individual sources.  

CS1 + CS2 + CS3 = 1                                                                       (1)  

1/THgsediment = 1/THgS1 * CS1 + 1/THgS2 * CS2 + 1/THgS3 * CS3         (2)  

Δ199Hgsediment = Δ199HgS1 * CS1 + Δ199HgS2 * CS2 + Δ199HgS3 * CS3   (3)  

3. Results and discussion 

3.1. Hg distribution in sediments and soils of Gumu Creek and the 
Hyeongsan River 

Gumu Creek sediments range between 1.0 and 195 mg/kg (73 
± 61 mg/kg, 1 SD, n = 15) and Gumu Creek bank soils range between 
1.4 and 75 mg/kg (35 ± 27 mg/kg, n = 12; Fig. 2A) in THg concentra-
tion. The observed THg concentrations are 2- and 4-fold higher than 
sediments impacted by large-scale chemical industries [10,15] and 
smelters [41,42]. Across the entire Gumu Creek, there are elevated THg 
levels with no systematic trend from upstream to downstream. This 
leads to our speculation that present and/or historical industrial activ-
ities have led to widespread, heterogeneous Hg distribution across the 
Creek. Consistent with the THg concentration, the Hg isotope ratios of 
the sediments and soil of Gumu Creek display no systematic changes 
from upstream to downstream (Fig. 3A, B). The δ202Hg and Δ199Hg of 
the sediments and soil, however, match well within a sampled site 
throughout the entire Creek, indicating that they are impacted by the 
same Hg source (Fig. 3A, B). 

The Hyeongsan River sediments range in THg concentrations 
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between 0.014 and 6.5 mg/kg (0.82 ± 1.5 mg/kg, n = 59) and exhibit a 
decreasing trend from the location where Gumu Creek joins with the 
River (Fig. 2B). The sediments, located upstream from the confluence 
with the Creek (0.48 ± 1.1 mg/kg, n = 20), display on average 2-fold 
lower THg concentrations than the sediments downstream of the 
confluence, but the values are still elevated relative to the average 

sediments monitored across South Korean riverine systems (0.085 
± 0.23 mg/kg, n = 352) [30]. The sediment cores collected from the 
River reach upstream of the confluence show low THg concentrations 
(0.014 ± 0.010 mg/kg, n = 60), with a decreasing concentration trend 
with increasing depths (Fig. S2). Based on the low THg concentrations in 
all sediment cores, we infer that they represent regional background 

Fig. 2. Spatial distribution of THg concentration in A) the sediments of the Hyeongsan River and B) the sediments and soil of Gumu Creek. The numbers following 
HRS, GCS, and GCO codes indicate the distances (km) away from the confluence of the Hyeongsan River and Gumu Creek. 

Fig. 3. A) δ202Hg and B) Δ199Hg of the Gumu Creek sediments and soil by distance from the Hyeongsan River and C) δ202Hg and D) Δ199Hg of the Hyeongsan river 
sediments by distance from the Creek. The horizontal dotted line and yellow shaded area represent the average and 1 SD of δ202Hg and Δ199Hg of Gumu Creek 
sediments, respectively. The red and blue shaded boxes represent two riverine sediments with low Δ199Hg and several riverine sediments with high Δ199Hg, 
respectively. 
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conditions of Hg deposition prior to historical or present Hg 
contamination. 

The δ202Hg and Δ199Hg of the Hyeongsan River sediment, including 
the sediment cores, exhibit small but gradual increases from upstream to 
downstream towards the average values of the Gumu Creek sediments 
(Fig. 3C, D). Some riverine sediments sampled downstream from the 
confluence with Gumu Creek reach Δ199Hg values that are higher than 
the average Gumu Creek sediment, which we discuss in the section 
below (blue shade in Fig. 3D). Overall, the δ202Hg of the Creek sediments 
(− 0.39 ± 0.26‰, n = 15) are not significantly different from the δ202Hg 
of the riverine sediments sampled both upstream and downstream from 
the confluence (− 0.46 ± 0.17‰, n = 59; p = 0.34). The Δ199Hg of the 
riverine (− 0.04 ± 0.06‰, n = 59) and creek sediment (− 0.04 ± 0.03‰, 
n = 15) also did not show significant Δ199Hg difference (p = 0.79). Even 
the soil of Gumu Creek display no significant difference in δ202Hg 
(− 0.50 ± 0.30‰) and Δ199Hg (− 0.04 ± 0.02‰, n = 12) with the 
Hyeongsan riverine sediments (δ202Hg; p = 0.60, Δ199Hg; p = 0.83). 

To briefly summarize, we observe (1) a systematic decline in the 
riverine sediment THg concentration with increasing distances away 
from the confluence with Gumu Creek, and (2) absence of significant Hg 
isotope difference between the Gumu Creek soil and sediment reservoirs 
and the downstream Hyeongsan River sediments. Based on these results, 
we conclude that Gumu Creek and the Hyeongsan River are impacted by 
a single primary Hg source, and there is substantial Hg transport from 
Gumu Creek to the downstream reaches of the Hyeongsan River. 

To further evaluate the extent of Hg influence from Gumu Creek to 
the downstream Hyeongsan River, we analyze a mixing diagram for 
sediments of the Hyeongsan River (both surficial and deep core) against 
Gumu Creek sediment and soil reservoirs by plotting Hg isotope ratios in 
relation to THg concentration (in 1/THg) (Fig. S3). Note that the 1/THg 
concentrations and Hg isotope ratios of the riverine sediment samples 
and the residuals in regression analyses are not normally distributed 
(Shapiro-Wilk test, p < 0.05), making it difficult to assess the correlation 
coefficient. Nevertheless, the riverine sediments exhibit progressively 
increasing δ202Hg toward the value of Gumu Creek from the regional 
background, established by the deep sediment cores in the Hyeongsan 
River (Fig. S3A). Only a subset of sediment cores sections were measured 
for Hg isotope ratios and we designate sediments sampled > 50 cm in 
depth as being representative of the regional background Hg for the 
system (Fig. S2). The regional background exhibits low THg concen-
trations and low δ202Hg (− 0.99 ± 0.18‰) and Δ199Hg values (− 0.10 
± 0.05‰, n = 4) (Fig. 3C, D), consistent with mineral soil and other 
terrestrial media characterized from remote forests in China and the U.S. 
(Fig. S4) [36,43,44]. No significant trends were observed between 
Δ199Hg and 1/THg for the Hyeongsan-Gumu systems, which may be 
attributed to subtle Δ199Hg variations within the riverine sediments 
(Fig. S3B). 

Aside from the primary Hg source impacting Gumu Creek and the 
Hyeongsan River, we observe a subset of sediment samples with 
anomalous Δ199Hg values. The two riverine sediments with the lowest 
THg concentrations (0.12 ± 0.005 mg/kg) exhibit noticeably low 
Δ199Hg (− 0.32‰ and − 0.18‰), which were more negative than the 
deep sediment cores, reflecting the regional background. Given the low 
THg concentrations, it would be unlikely for an anthropogenic point Hg 
source to impart such negative Δ199Hg. While dark abiotic reduction can 
result in both lower THg concentrations and lower Δ199Hg in Hg2+

bound to sediment particles relative to sediment Hg0, this would also 
shift δ202Hg to a higher value within the sediments [45], which is not 
observed. We propose that a contribution from natural geogenic sources 
of Hg (i.e., mineral deposits, bedrocks), which typically have negative 
Δ199Hg values (− 0.42 to 0.10‰) [46,47], may explain this small 
anomalous dataset. A prior compilation of modern and 
pre-anthropogenic sediments from various ecosystems (river, lake, 
coastal, ocean) have also shown measurably lower Δ199Hg in 
pre-anthropogenic and non-point source impacted sediments relative to 
point source impacted sediments, and attributed this to the contribution 

of natural erosion of bedrocks [14]. These two sediments, however, 
represent a small dataset among our sampled sediments and we thus 
exclude them for further source tracing. A number of riverine sediments 
located at downstream sites exhibit slightly higher Δ199Hg (0.02 
± 0.02‰, n = 11) but no δ202Hg differences (− 0.46 ± 0.11‰, n = 11) 
when compared to the Creek sediments (Δ199Hg; − 0.04 ± 0.03‰, 
δ202Hg; − 0.39 ± 0.26‰) (Fig. 3D). The fact that these riverine sedi-
ments have 1.6-fold higher THg (1.3 ± 1.9 mg/kg, n = 11) but consis-
tent δ202Hg relative to the average riverine sediments (0.82 
± 1.5 mg/kg, n = 59) implies that Hg2+ photo-reduction, which typi-
cally induces higher δ202Hg and Δ199Hg in sediment-associated Hg2+

relative to released Hg0 via MIF [48], is unlikely to explain the observed 
results. Instead, we speculate that there may be a secondary Hg source 
with a positive Δ199Hg. Below, we combine chemical analyses, data 
collection, and numerical analyses to decipher the primary and sec-
ondary Hg sources. 

3.2. Scenarios of anthropogenic emissions and upstream riverine transport 
of Hg 

Based on the observed impacts of significant Hg transport from 
Gumu Creek to the Hyeongsan River, we rule out the influence of 
widespread atmospheric Hg deposition from the steel manufacturing 
industry (scenario 1) and upstream Hg transport from Gyeongju City 
(scenarios 2) as primary Hg sources. We still discuss the results of at-
mospheric samples and suspended particles of the water column in the 
Hyeongsan River to assess their roles in controlling the regional back-
ground and/or secondary Hg source isotopic compositions. 

Atmospheric samples, comprising PBM (35 ± 15 pg/m3, n = 5) and 
precipitation (26 ± 22 ng/L, n = 8), exhibit THg concentrations that are 
similar to samples collected at other Northern Hemisphere suburban 
locations in the U.S. and China [49,50]. The Δ199Hg values of PBM 
(0.27 ± 0.19‰, n = 5; p < 0.01) and precipitation (0.26 ± 0.22‰, 
n = 8; p < 0.01) are significantly more positive than those observed in 
the riverine and creek sediments and soils (n = 86) (Fig. 4B). While 
some riverine sediments located at the downstream from the confluence 
with Gumu Creek have slightly higher Δ199Hg (blue shade in Fig. 3D), it 
would be unlikely for atmospheric Hg deposition at the current magni-
tude to overprint Δ199Hg of the riverine sediments and at only specific 
regions within the River. 

As for the upstream influence, the THg concentrations in the sus-
pended particles of the Hyeongsan River (HSP) exhibit levels (0.32 
± 0.32 mg/kg, n = 4) that are similar to remote riverine systems re-
ported previously [51,52]. The δ202Hg of the HSP are distinctly more 
negative (− 1.73 ± 0.70‰, n = 4) than the surface sediments of the 
Hyeongsan River (Fig. 4B). The highly negative δ202Hg of the HSP are 
consistent with the compiled terrestrial media [36,43,44], which has 
wide δ202Hg ranges, and overlap with the regional background (deep 
sediment cores) (Fig. S4). This implies that the HSP is sourced from the 
adjacent terrestrial runoff rather than from upstream industries at 
Gyeongju City and supplies regional background Hg to the Hyeongsan 
River. 

3.3. Scenarios of Hg transport from Gumu Creek 

Exploring the hypothesis that the primary Hg source of the 
Hyeongsan River originates from Gumu Creek, we examine the local 
governmental data reporting THg concentrations in wastewater and 
solid waste from ~57 industries, which discharge treated wastewater to 
the Creek (scenario 3) (Table S7, Table S8). The treated (0–0.001 mg/L) 
and untreated wastewater (0–0.028 mg/L) and solid waste (0–0.15 mg/ 
kg) show overall low THg concentrations, indicating that industrial Hg 
releases and potential illegal dumping of solid waste cannot explain the 
observed THg concentrations across the Creek. In addition, the list of 
chemicals and products purchased, imported, and manufactured by 
these industries did not show any evidence of intentional Hg use (i.e., 
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Hg-added products, catalysts). 
The influence of solid waste landfill is explored by evaluating Hg 

concentrations and isotope ratios in the solid waste cores (historical 
collapse; scenario 4) and wastewater (present releases; scenario 3) 
collected from the landfill. Note that this is the first study to characterize 
Hg isotope ratios in a variety of waste materials generated from a 
landfill. The THg concentrations of the solid waste cores are similar to 
that of creek sediments and soil, with WL7 (35 ± 81 mg/kg, maximum; 
234 mg/kg, n = 8) displaying higher THg concentrations than WL6 (4.6 
± 7.7 mg/kg, maximum; 23 mg/kg, n = 12). The untreated wastewater 
samples exhibit, on average, 850-fold higher THg concentrations (1797 
± 3988 µg/L, maximum; 8932 µg/L, n = 5) relative to the treated 
wastewater (2.1 ± 2.5 µg/L, maximum; 4.7 µg/L, n = 4), which is sub-
ject to regular discharge from the landfill (see Section 2.1). As for the Hg 
isotopes, the solid waste cores from WL7 and WL6 exhibit similar δ202Hg 
ranges (WL7; − 0.68 ± 0.43‰, WL6; − 0.55 ± 0.27‰) but significantly 
more positive Δ199Hg in WL7 (− 0.06 ± 0.06‰) than WL6 (− 0.12 
± 0.08‰) (p = 0.03) (Fig. 4C). Similarly, the untreated and treated 
wastewater share comparable δ202Hg ranges but the treated samples 
have higher Δ199Hg relative to the untreated samples (Fig. 4D). The 
Δ199Hg difference between the WL6 and WL7 is likely caused by 
different types or proportions of waste deposited into the landfills. In a 
recent Hg isotope characterization of the waste deposited into the WL6 
(same landfill), Jung et al. [20] reported that coal ash has more negative 
Δ199Hg (− 0.30‰) relative to phenyl-Hg, used as biocide, and com-
mercial liquid Hg, incorporated in Hg-added products (both near-zero 
Δ199Hg). The absence of depth-related pattern in THg concentrations 
within the waste cores (Fig. S5) implies that heterogenous distribution 
of various solid waste explain the Δ199Hg difference between the WL6 

and WL7. In regards to the wastewater, the elevated Δ199Hg in the 
treated wastewater is intriguing and we think that the dissolved Hg 
fractions within the treated wastewater are subjected to a higher extent 
of Hg2+ photo-reduction relative to the untreated wastewater. As 
mentioned, the general treatment processes within a landfill include 
outdoor suspension of solid materials and/or ultraviolet irradiation for 
organic chemical degradation [34,35]. Both processes would result in 
much lower particulate bound Hg fractions in treated wastewater than 
untreated wastewater, which is what we observed (93 % vs. 42 % par-
ticulate bound Hg in the untreated and treated wastewater, respectively) 
(Table S9). The remaining Hg within the dissolved phases are likely 
subjected to Hg2+ photo-reduction from an outdoor setting or via ul-
traviolet irradiation, resulting in an elevated Δ199Hg in Hg2+ relative to 
the released Hg0. Further studies would be needed to understand how 
treatment processes modify Hg isotope ratios in the waste materials, as 
they may have substantial downstream influences. 

More importantly, the statistical tests confirm that the δ202Hg and 
Δ199Hg of the Gumu Creek soils and sediment (n = 27) are not signifi-
cantly different from the WL7 waste cores (δ202Hg; p = 0.16, Δ199Hg; 
p = 0.32), where the collapsed waste from the 1994 incident was re- 
deposited. Gumu Creek soils and sediment (n = 27) do not display a 
significant difference from the untreated landfill wastewater (δ202Hg; 
p = 0.69, Δ199Hg; p = 0.89). Statistically significant δ202Hg and Δ199Hg 
differences are observed between the Gumu Creek sediment and soil 
(n = 27) and the WL6 waste cores (n = 12) and treated wastewater 
(n = 5). Based on these results, we conclude that the historical collapse 
of the solid waste landfill is the primary Hg source to Gumu Creek 
(scenario 4). The observation of elevated THg concentrations and 
consistent Hg isotope ratios between the sediment and soil of Gumu 

Fig. 4. δ202Hg and Δ199Hg of A) the Hyeongsan River and the Gumu Creek sediments and soil, B) the riverine sediments, atmospheric particulate bound mercury 
(PBM), precipitation, and suspended particles in the Hyeongsan River (HSP), C) the Creek sediments and soil, and solid wastes from the solid waste landfills (WL6, 
WL7), D) the Creek sediments, wastewater from the landfill, and suspended particles of the water column at GSP 4.7 of the Gumu Creek. The red and blue shaded 
boxes represent two riverine sediments with low Δ199Hg and several riverine sediments with high Δ199Hg, respectively. 
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Creek implies that a large-scale collapse of landfill can only explain the 
widespread Hg contamination across the Creek. A prior study has re-
ported that most of Hg found in the creek sediments are strongly bound 
with sulfur, by forming Hg-sulfide [53]. This indicates that there is slow 
Hg mobilization and absence of significant Hg isotope fractionation 
within the creek bed, leading to long-term preservation of the source Hg 
isotope signatures derived from the historical waste landfill collapse. 
The Hg sources from Gumu Creek are then exported to the Hyeongsan 
River via sediment transport, which is confirmed by the statistically 
similar Hg isotope ratios between the surface sediments of Gumu Creek 
and the Hyeongsan River and different isotope ratios between the sur-
face and deep riverine sediments. 

3.4. Secondary Hg source 

Aside from the primary Hg source, the positive Δ199Hg observed in 
several riverine sediments, but not in soil, suggest that there may be a 
secondary Hg source in the form of releases. Environmentally-induced 
MIF in sediments is unlikely to explain the positive Δ199Hg values of 
sediments given the elevated THg concentrations relative to the average 
riverine sediments. Additionally, processes that induce significant MIF 
(e.g. photochemical reduction) would also result in large δ202Hg shifts, 
which are not observed. Positive Δ199Hg values are observed in all of the 
analyzed treated wastewater from the solid waste landfill (Fig. 4D), 
which leads to our hypothesis that regular discharge of treated waste-
water, which contains Hg that is relatively more mobile and conducive 
to rapid transport, may be impacting the sediments. 

To verify the influence of treated wastewater discharge on the Hg 
reservoirs within Gumu Creek and Hyeongsan River, we compare THg 
concentrations and Hg isotope ratios between the treated wastewater 
and the suspended particles in the water column of Gumu Creek (GSP). 
Note that the GSP were sampled prior to and after two rain events to 
verify the isotopic composition of this source when conditions are 
conducive to rapid release and transport across Gumu Creek and to the 
Hyeongsan River. As illustrated in Fig. 5, the THg concentrations in the 
GSP are relatively uniform prior to rain events and likely reflect Hg 
resuspended from the sediments given the comparably elevated THg 
concentrations (614 ± 389 mg/kg, n = 12) with those of the creek 
sediments. A few hours after each rain event, the flow rate of the Creek 
increased from 0.65 to 5.2 m3/s (first rain) and 0.38–1.5 m3/s (second 

rain), respectively, and large THg peaks are observed, particularly at 
GSP 4.7, where treated wastewater from the solid waste landfill is dis-
charged through an underground sewer to the Creek. GSP 4.8 displayed 
the lowest THg concentrations, even during the rain events, and is 
located upstream from GSP 4.7 adjacent to where discharge from an 
urban stormwater pipe enters the Creek. The distinct THg peak observed 
at GSP 4.7 indicates that wastewater drained from the solid waste 
landfill has a widespread downstream Hg effect to Gumu Creek. The THg 
concentration peaks are associated with peaks in Δ199Hg, particularly 
during the second rain event (Fig. 5B), and display Δ199Hg values that 
are much higher than the average Gumu Creek sediment but more 
similar to the treated wastewater. Based on these results, we presume 
that the mixtures of Hg discharged from the wastewater, with a positive 
Δ199Hg, and Hg resuspended from the creek sediment, which has a high 
THg concentration, are transported and deposited to the downstream 
Hyeongsan River sediments during rain events. The low THg concen-
trations measured in the treated wastewater is puzzling and we specu-
late, without further direct evidence, that there may be intermittent 
releases of high Hg wastewater during rain/storm events. Such high 
concentration wastewater releases would lead to an overflow of water 
load capacity within the treatment plant, resulting in the release of a Hg 
source that could have an isotopic influence in the Hyeongsan River 
sediments. We emphasize that our speculation relies upon the elevated 
and matching Δ199Hg between a limited number of samples of the 
treated wastewater, suspended particles during rain events, and some 
sediments from the Hyeongsan River. Regular sampling of the treated 
wastewater and suspended particles in the water column of Gumu Creek 
and exact mechanisms leading to the positive Δ199Hg in the treated 
wastewater would be crucial for verifying our hypothesis. 

3.5. Hg source attribution 

The primary (historical collapse; scenario 4) and secondary Hg 
sources (treated wastewater release; scenario 3), and the regional 
background are designated as end-members to quantify the percent (%) 
contribution to the Hyeongsan River sediments. In our ternary mixing 
model (described in detail in Section 2.5), we apply the average THg 
concentration and average Δ199Hg of the WL7 waste core (35 mg/kg, 
Δ199Hg; − 0.06‰, n = 8), the treated wastewater (98 mg/kg, Δ199Hg; 
0.10‰, n = 4), and the sediment cores sampled at > 50 cm depth 

Fig. 5. THg concentration and Δ199Hg of the suspended particles of the water column in Gumu Creek (GSP) A) in the first and B) second rain events. Blue dotted line 
and shaded area represent the average Δ199Hg of the treated wastewater (n = 4) and 1 SD, respectively. Yellow dotted line and shaded area represent the average 
Δ199Hg of the creek sediments (n = 15) and 1 SD, respectively. 
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(0.013 mg/kg, Δ199Hg; − 0.10‰, n = 4) to represent end-members. 
Treated wastewater, suspended particles in Gumu Creek, and some of 
the riverine sediments exhibited significantly high Δ199Hg values, which 
together can serve as a single Hg source end-member, although a clear 
hypothesis for high Δ199Hg in the treated wastewater is still lacking. The 
similar average δ202Hg values in the WL7 waste core and treated 
wastewater makes it difficult to include δ202Hg in the mixing model. 
Nevertheless, we note that the δ202Hg ranges of both wastes encompass 
the δ202Hg ranges of the riverine and creek sediments and the similar 
averages can be explained by the degree of heterogeneity in the waste 
samples (Fig. S7). In the earlier binary mixing model of using the Gumu 
creek sediments and the regional background as end-members, we 
observe no significant relationship between Δ199Hg and 1/THg 
(Fig. S3B). When taking account of the treated wastewater with a pos-
itive Δ199Hg, most sediments of the Hyeongsan River are well distrib-
uted among the three end-member Hg sources (Fig. 6A). Several 
sediment samples exhibited characteristics that were not representable 
as mixtures of the chosen end-members, resulting in negative % 
contribution from a source. In this case, negative % contributions were 
set to zero and % contributions from other Hg sources were propor-
tionally re-calculated. 

As illustrated in Fig. 6B, the estimated % Hg contribution in 
Hyeongsan River sediments of the primary Hg source, secondary Hg 
source, and the regional background source are 61 ± 25 %, 22 ± 11 %, 
and 17 ± 24 %, respectively. Uncertainty of % Hg contribution, calcu-
lated by adding and subtracting analytical uncertainly (2 SD) of 0.03‰ 
from a sample value, is as high as ± 19% for the solid waste cores and 
the treated wastewater, and up to ± 13 % for the regional background 
(sediment cores). Even after considering the uncertainty, the % Hg 
contribution from the regional background, supplied by terrestrial 
runoff, and the primary Hg source are the highest in the upstream. The 
high proportional contribution of the primary Hg source in the upstream 
sediments is likely owed to the fact that the solid waste transported from 
Gumu Creek to the Hyeongsan River has been subjected to upstream 
migration via intermittent ebb flow from Yeongil Bay since the event of 
collapse in 1994. This may also explain the consistently elevated % 
contribution of the primary Hg source (7–84 %) in the downstream of 
the Hyeongsan River. Most Hg introduced via the historical landfill 
collapse was likely associated with the particles of solid waste, making 
landfill-released Hg more conducive to deposition to the creek and 
riverine sediment bed and less prone to relatively fast transport down-
stream. Conversely, the secondary Hg source, which is conducive to 
transport through the Creek and riverine water current during rain/ 
storm events, are mostly observed in the downstream of the Hyeongsan 

River. We find that the simultaneous actions of remedial measures on 
the legacy Hg that originated from the landfill collapse, in combination 
with stringent regulations on the current release of Hg within waste-
water would benefit the remediation of the Hyeongsan River sediments. 

4. Conclusion 

The effectiveness of using Hg isotopes for source apportionment has 
only been confirmed in areas where legacy or point Hg sources have 
already been thoroughly researched (Table S1). Our study serves as a 
powerful example that Hg isotopes can be used for routine source 
screening and decision-making even in areas with unknown sources. 
Here, we estimate that the solid waste collapsed in 1994 and on-going 
releases of treated wastewater are responsible for 61 ± 25 % and 22 
± 11 % of accumulated Hg, respectively, in the Hyeongsan River sedi-
ments. On the contrary, the large-scale atmospheric Hg emissions from 
the steel manufacturing industries and the riverine Hg transport from 
upstream have little impact on the riverine sediments. Taking the EF 
approach was particularly effective in building plausible contamination 
scenarios, which is important not only for delineating the source of 
contamination but also ruling out irrelevant sources. The large steel 
manufacturing industry and adjacent industrial complex were initially 
speculated as the major Hg contributors by the public, given the long 
duration and active operations of these industries. Industrial activities 
taking place at the upstream of the Hyeongsan River, in the city of 
Gyeongju, also cannot be disregarded. We suggest that future investi-
gation is needed to understand precisely the contribution of widespread 
and regional atmospheric Hg deposition to the Hyeongsan-Gumu 
system. 

We expect that the utility of Hg isotopes will grow further with the 
expansion of international governance on Hg. The UNEP’s Minamata 
Convention on Mercury, initiated in 2017, has specific provisions on 
contaminated sites (Article 12), which requires individual nations to 
develop regulatory and scientific tools to screen Hg sources and priori-
tize contaminated sites [54]. Although the South Korean government, 
which is a party to the Convention, has been working to follow these 
guidelines, there is currently no governing program within South Korea 
for sites that have been identified as Hg-contaminated. This study serves 
as a useful framework for investigation of sites, with known or suspected 
Hg-impacts, in South Korea or around the world. 

Environmental Implication 

The Minamata Convention on Mercury emphasizes the need to 

Fig. 6. A) Δ199Hg and 1/THg of the Hyegonsan River surface sediments and the three Hg source end-members of the WL7 waste core, treated wastewater, and the 
sediment core (regional background). B) Estimated percent (%) Hg contribution of the three sources to the Hyeongsan River sediments. 
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develop scientific framework for source screening and management of 
mercury contaminated sites. We use an environmental forensics 
approach as a scientific framework and mercury stable isotopes as a 
source screening tool to delineate mercury sources in a contaminated 
river within South Korea. Mercury isotopes for source apportionment 
has been limited to sites where point mercury sources have been well 
characterized. In contrary to the prior studies, our study evaluates the 
efficacy of mercury isotopes at site where sources are unknown and il-
lustrates the importance of drawing upon the environmental forensics 
application. 
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