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Abstract

Behaviors of REEs and Trace Metals
in the Nakdong River Estuary,

Obstructed by a Dam

Yerim Kim
School of Earth and Environmental Sciences
The Graduate School

Seoul National University

Dams obstruct approximately 70% of the rivers across the world. However, their
effect on the riverine fluxes of rare earth elements (REEs) and trace metals needs
more research. In order to investigate the mixing process and evaluate the influence
of a dam on the estuary, dissolved REEs and trace metals were examined throughout
the whole season in the Nakdong River Estuary, Korea. Samples were concentrated
beforehand using a preconcentration system (seaFAST), then analyzed by
inductively coupled plasma mass spectrometry (HR-ICP-MS). The REEs showed a
conservative mixing trend, but with systematic changes across the series due to
varying river water endmember concentration. Fractionation of the REEs seems to
take place. The shale-normalized REEs also supported this result, as they showed

lower LREEs in the whole sampling period. Mn and Co increased with salinity but



showed exceptionally high and scattered concentrations in the low-salinity region (S
= 0-7) in October and July, similar to the LREEs. The discharge of river water with
various concentrations from the dam explains the scattered riverine endmember. The
redox reaction of Mn appears to account for the inhomogeneous vertical water
column of elements inside the dam. The scatter converged to the oceanic endmember
in the higher salinity region (S = 7-28) as the discharged freshwater physically mixes
with seawater. The redox reaction and mixing also seems to affect the distribution of
Cd and Ni. Fe showed an abrupt decrease in the low-salinity region that may result
from a drastic removal by flocculation throughout the whole sampling period. Mo
and V showed a positive correlation with increasing salinity since they originate from
the ocean. Cu and Gd decreased conservatively, staying stable by binding with
dissolved organic carbon and chelate ligands. The fraction of Gd from anthropogenic
and natural sources was estimated, and it suggested that anthropogenic Gd remains
constant by forming chelate complexes after release. This study displays both
chemical and physical processes in the estuary and suggests that reactions inside a

dam may affect the riverine fluxes of REEs and trace metals.

Keywords: Estuary, rare earth elements, trace metals, river water-seawater mixing,

dam
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1. Introduction

1.1 Rare Earth Elements

Rare earth elements (REEs) are a series of elements that consist of 14 lanthanide
elements from La to Lu (Figure 1). These elements show chemically similar behavior
owing to their electron configuration. The elements mostly exist in a trivalent state,
except Ce and Eu. The ionic radius of the REEs decreases from La to Lu due to the
nuclear charge increase. This phenomenon is known as the lanthanide contraction,
which leads to systematically varying chemical affinity of the elements. In an aquatic
environment, the REEs generally exist in trivalent oxidation states, except for Ce*
and Eu**. Ce*" is less soluble than Ce*”, resulting in less release than neighboring
elements in an aqueous solution (Sholkovitz and Szymczak, 2000). Such anomalous
behavior of dissolved Ce usually occurs in natural waters. Their mass often groups
the REEs as light REE (LREE; La to Nd), middle REE (MREE; Sm to Ho), and
heavy REE (HREE; Er to Lu). Dissolved LREEs are more reactive with particles
than dissolved HREEs. The LREEs are likely to be removed by processes such as
surface adsorption onto particles through binding with a surface layer of organic
matter or Fe, Mn oxides, or coagulation with colloids (Goldberg et al., 1963;
Sholkovitz et al., 1993; Zhang and Nozaki, 1996). HREEs stay conservative by
forming complexes with organic ligands in an aquatic environment (Tang and
Johannesson, 2007). The varying reactivity of the elements along the series induces
fractionation. The fractionation of dissolved REEs can work as a good indicator for
investigating geochemical processes such as complexation, ad/desorption, and water
source determination (Klinkhammer et al., 1983; Taylor and Mclennan, 1981;

Johannesson et al., 1997).



REEs have been utilized for industrial uses, and as a result, elements exceeding
their natural concentration flows to the aquatic environment. Enrichment in REE
through anthropogenic activities such as magnetic resonance imaging (MRI),
batteries, and cell phones has been observed in rivers, estuarine systems, and oceans
(Bau and Dulski, 1996; Nozaki et al., 2000a; Elbaz-Poulichet et al., 2002; Bau et al.,
2006; Ogata and Terakado, 2006; Kulaksiz and Bau, 2011; Kulaksiz and Bau, 2013;
Hatje et al., 2016). Above all, Gd is now regarded as the most widespread and
effective tracer for industrial activities. Gd complexes have been used as a contrast
agent for MRI since the 1980s. Since Gd** ions can bind to Ca**-binding enzymes,
it can be dangerous to patients when directly injected (Sherry et al., 2009;
Rogosnitzky and Branch, 2016). In order to eliminate the risk, Gd has been used only
after chelation with ligands for chemical inertness and high stability (Hatje et al.,
2018). The chelation enables Gd to be removed from the body as urine within 24
hours with normal kidney function. After evacuation from the human body, the Gd
chelate compound stays conservative with half-lives of more than 100 days in an
aquatic environment (Holzbecker et al., 2005; Moeller et al., 2000; Knappe et al.,
2005; Rogowska et al., 2018). Accordingly, the additional input of Gd results in
positive Gd anomalies, and the anomalies are utilized to indicate anthropogenic

pollutants (Kulaksiz and Bau, 2007).

1.2 Trace Metals

Trace metals (or often called trace elements) are a group of elements mostly
comprised of metals or metalloids occurring at trace levels in the aquatic
environment (Figure 1). These elements are usually present at concentrations less

than 10 pmol kg-1 in seawater and typically below one ppm in river water (Gaillardet



et al., 2003; Bruland and Lohan, 2003; Libes, 2011). Despite their low concentration,
trace metals play a significant role in biogeochemical cycles. Previous studies
reported that Fe, Mn, and Zn are just as essential as macronutrients like phosphorus
and nitrogen due to their role as constraints limiting the growth of marine biota.
(Cooper, 1935; Harvey, 1960; Brand et al., 1983; Tagliabue et al., 2017). Elements
such as Cd, Co, Ni, and Mo are also crucial for nitrogen and carbon fixation,
significantly influencing marine biological production (Morel and Price, 2003;
Bruland and Lohan, 2003). Dissolved trace metals in seawater originate from various
sources, including rivers, atmosphere, submarine groundwater discharge, and
hydrothermal vents. With respect to the riverine input, dissolved trace metals mainly
derive from geological pathways, including geological weathering of crustal rocks,
geothermal and volcanic activities, and submarine groundwater discharge. Also, a
substantial amount of direct input by anthropogenic activities such as municipal
waste, agriculture, mining, and industrial waste around the river catchment and
coastal ocean affect the aquatic system (Gaillardet et al., 2003). Various reactions
govern dissolved trace metals in the hydrosystem (e.g., redox reactions,
complexation, adsorption, desorption, scavenging by particulate matter). Due to their
low concentration and the high possibility of interference by major ions in samples,
trace metals have faced several analytical problems in terms of measurement. To
overcome these issues, ultra-clean sampling, and measurement techniques were
introduced in trace metal analysis (Boyle and Edmond, 1975; Boyle et al., 1976;
Bender et al., 1976; Boyle et al., 1977; Bruland et al., 1979; Libes, 2011).

1.3 Behaviors of Rare Earth Elements and Trace Metals in Estuaries

An estuary is an extensive term referring to a region where one or more rivers join



the sea. Physical, chemical, and biogeochemical reactions occur dynamically
throughout this chemical continuum of crustal rocks, rivers, and the ocean
(Elderfield et al., 1990). When the river reaches the coastal sea, the river releases a
vast amount of trace metals and REEs into the seawater. During the discharge,
multiple factors including pH, salinity, temperature, organic ligands, inorganic
anions, suspended particulate matter (SPM), and dissolved O, rapidly changes by
mixing of freshwater, sediment, and seawater, creating a unique aquatic environment
for trace metals and REEs (Millward, 1995). The transition brings about various
reactions such as particle/solution interactions, flocculation, organic and inorganic
complexation, adsorption, desorption, and sediment resuspension (Figure 2). As
serving its role as an intricate biogeochemical reactor, the estuarine environment
needs more research in order to fully understand the behaviors of dissolved REEs
and trace metals (Millward, 1995).

Dissolved REEs except for Ce exhibited similar behaviors in estuaries owing to
their similar chemical properties. The anomaly of dissolved Ce shows comparatively
low concentration with adjacent elements due to different preferable oxidation states.
The general trends of dissolved REEs vary depending on salinity in estuaries, where
multiple geochemical reactions contribute to their behaviors. In the low-salinity
region (generally S = 0-7), REEs typically show a drastic decline, far below the
conservative mixing line of river water endmembers and seawater endmembers.
(Sholkovitz, 1993; Nozaki et al., 2000b). Large-scale removal of dissolved elements
caused by flocculation and coagulation induced by high turbidity in estuaries
explains the decrease (Sholkovitz, 1993; Sholkovitz and Szymczak, 2000) (Figure
3). After the abrupt decrease, the dissolved REEs show an increase with increasing
salinity. Several mechanisms such as the release of elements bound to SPM from the

low-salinity region and the remineralization that supplies REEs through sediment
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diagenesis commonly contribute to such trends (Sholkovitz, 1993; Nozaki et al.,
2000b; Sholkovitz and Szymczak, 2000) (Figure 3). When the estuary finally reaches
the high-salinity region (S = 20-25) where seawater dominates the area, the dissolved
REEs gradually approaches that of the average seawater value, following a
conservative mixing line. Although dissolved REEs generally exhibit similar
patterns due to their coherence, the fractionation of the REEs presents some
noticeable differences. The pH conditions and surface/solution reaction mainly
control the fractionation in the estuarine environment, which leads to the variation
of removal (Sholkovitz, 1995). The removal of dissolved REEs by adsorption onto
the surface of river particles occurs in an order LREEs > MREEs > HREEs as the
pH increases, and the release of elements happens in the same order as the pH
decreases (Sholkovitz, 1995). Furthermore, the addition of seawater to river water in
estuaries also causes the removal of dissolved REEs by coagulation with riverine
colloids, which occurs in the same order with adsorption, which can be observed by
LREE-enriched colloids (Elderfield et al., 1990; Sholkovitz, 1995). A thorough
understanding of the fractionation behavior by mixing between river water and
seawater may function as an essential tracer to figure out the biogeochemical
processes in the estuarine environment.

Although they do not show similarity with each other as dissolved REEs do, the
dissolved trace metals behave diversely since spatially, and temporally varying
factors (i.e., pH, salinity, ligands) govern numerous reactions in estuaries. The
riverine flux of trace metals, which is known to be the primary source, generally
exists in particulate form (Libes, 2011) (Table 1). Accordingly, most of the flux
settles down in estuaries, and only 10% enters the ocean (Libes, 2011) (Table 1).
Mechanisms that contribute to the behavior of trace metals are diverse; the elements

are removed by reactions such as precipitation, adsorption onto SPM or sediment,
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and biological uptake, while complexation with dissolved organic ligands such as
humic acids, chelation with inorganic anion, and chemical speciation can stabilize
the trace metals so that they can stay in dissolved form in estuarine water (Boyle et
al., 1977; Sholkovitz and Copland, 1981). Even though removal of more than half of
the elements occurs while passing the estuary, fluvial fluxes of trace metals still
manage to be the critical source for the ocean to keep the marine biogeochemical
cycle. Therefore, comprehension of the estuarine environment is essential to identify

the trend of trace metals.

1.4 Dam Hydrology

Estuary provides water for various municipal purposes around cities formed near
rivers and coastal areas. Humans constructed dams to regulate rivers and streams for
higher accessibility and to prevent inundation and saltwater intrusion. Currently,
there are over 58,000 dams constructed around the world, and that is, over 60% of
the world's estuaries and rivers are obstructed (ICOLD 2020). By intentionally
blocking the natural flow, the dam produces a new hydrologic regime where its
chemical and physical properties are no longer the same as natural flows.
Unfortunately, the direct effect of dams on REEs and trace metals' behavior was yet
profoundly discussed. Several studies focused on the spatial and temporal
distribution of elements in rivers with dams. However, the influence of a dam was
likely to be ignored or generally regarded as a barrier located at the head of an estuary,
which enables the sole evaluation of the riverine input of trace metals by inhibiting
other water sources (Breuer and Safiudo-Wilhelmy, 1999; Shiller, 2002; Zhao et al.,
2012). Profound knowledge of dams' influence on the distribution of REEs and trace

metals will help to assimilate the estuarine chemistry.



1.5 Aim of This Study

The main goal of this study is to enhance the current knowledge about the
distribution of REEs and trace metals in an estuarine environment and the effect of
dams on these elements by evaluating their monthly concentration in Nakdong River
Estuary, Korea. The objectives of this study include (1) understanding the process
which governs the behavior of REEs and trace metals in an estuarine environment,
including anthropogenic factors, and (2) evaluating the role of a dam; whether it

affects the geochemical condition which contributes to the distribution of elements..



18
1A VIIIA

1 2
H He
2 13 14 15 16 17
Hydeogen A A IVA VA VIA VIIA et
4 5 6 o 10
Li | Be B(C|N|O|F|Ne
Lithium Boron Carbon N Floorine Neon
= 694 = 'Ol)“_)l—' Trace M etals Rare Earth Elements 5 Rl - 20m = 14007 = 1599 ‘;ml‘) m 201797
-
NajMg| . ., . . ., . . . . +I|AIlSi|P|S|CI|Ar
Srnetl [l IR 2] V8 viB viie Vi viie vilg 18 8 Avmoun | Syeen | Fhosnens | Sulr Crloe ooy
19 20 2 2__ | 2 |E3 |26 7 Tl o 30 3 2 33 34 35 36
Ca|Sc|Ti|V [Cr(Mn|Fe|Co|Ni |Cu|lZn | Ga|Ge|As | Se|Br|Kr
Potassium Calcium Scandium Taanim Veradum Cheomum | Mangenese ron Cobalt Nickel Copper Zine Galium Germanium Arsenic Selenium Broenine Krypton
I9.0%8) 40078 44959508 L7887 519961 m & m m 6538 A7 72830 4929955 TR 75904 8379
37 38 39 40 4 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb|[Sr|Y |Zr [Nb{Mo| Tc |[Ru|Rh|Pd |Ag|Cd|In [Sn|(Sb|Te | I |Xe
1 #conium o Molybdenum | Techeetium | Ruthenum Rhodwm Paladium Sdver Cadmiom Indum Tin Antimony Tedurium lodine Xenon
224 08) 0107 W2 90550 10842 WIesE2 14898 NaN0 121060 12760 126 90447 131293
74 75 7% 7 3 Ll 80 8 82 83 - 84 85 86
W | Re|(Os|Ir |Pt|Au(Hg| Tl |Pb| Bi | Po| At | Rn
Tungsten Rhervum Osmium Indwum Platinum Gold Mercury Thallum Lead Bamuth Polonium Astatne Radon
18384 184207 9023 92 207 195,084 190 960509 200 592 204 38 2002 208 98040 (209 (2%0) (222)
- 108 - ?7 108 109 " m n2 ni n4 ns ne nr ns
'SgBh{Hs|Mt|Ds|Rg|Cn|Nh| Fl |Mc|Lv | Ts |Og
Seaborgium Bohrium Hassum L o G N A L Ogp
(20%) (2 209) (278) (81 7 (28%) (288) (289) (2%9) 9% (% (%)

59 60 61 62 63 64 65 66 67 68 69 70 n

Pr |Nd|Pm|Sm|Eu |(Gd|Tb [Dy |Ho | Er |[Tm|Yb | Lu
M ol ] 3l Bl - il B e e ol
Pa| U [Np|{Pu|/Am|Cm|Bk|Cf |Es [Fm|(Md|No| Lr

Figure 1. Rare earth elements and trace metals in the periodic table.

Modified from https://www.philipharris.co.uk/blog/secondary/international -year-of-the-periodic-table/ .
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Table 1 Elemental fluxes to the World Ocean from the major sources. (Units: mol - yr!)

Modern Anthropogenic Inputs are excluded. Reproduced from (Chester, 2009).

A

B

Fluvial gross flux: Atmospheric flux:

total (particulate total (particulate  Fluvial net Hydrothermal Atmospheric Fluvial gross  Fluvial net Atmospheric
Element + dissolved) + soluble) dissolved flux dissolved flux soluble flux particulate flux particulate flux particulate flux
Al 54 x 102 0.25 x 10*? 3.5-6.0 x 10'° 1.2-6.0 x 10° 1.2 x 10%° 54 x 10*2 5.4 x10*  0.24 x 10*?
Fe 13.3 %10 0.065 x 10*2 0.54-2.3 x 10%° 2.3-19 x 1010 0.49 x 10%° 13 x 102 1.3x102  0.06x10%
Mn 30 x 10+ 0.14 x 10%° 0.49-0.55 x 10° 1.1-3.4 x 10%° 0.05 x 10*° 0.29 x10*  0.029 x 102  0.001 x 10*°
Ni 24 x 102 <012 x 10" 0.05 x 10 —_ <0.05 x 10'° 2x10""  0.23x10'® <0.075 x 10'°
Co 0.56 x 102 0.004 x 10 0.011-0.013 x 10*° 6.6-68 x 10° 1% 107 0.52x10%  0.05x10° 0.003 %10
Cr 3.1x102  <0.10 x 10%° 0.036 x 10'° — <0.01 x 10° 3x10% 0.3x10*  <0.09 x 10°
\' 5.2x 102  <0.07 x 10'° 0.07 x 10 —_ <0.02 x 10'° 5x 10" 0.5x10'® <0.05 x 10'°
Cu 2.5 x 1012 0.06 x 10*° 0.1-0.5 x 10*° 3-13 x 108 2x 108 24x10%  024x10°  0.04x10%
Pb 0.75 x 10*2 0.13 x 10%° 0.2-1.5 x 108 2.7-110 % 10° 4% 108 0.75x10* 0.075x10'°  0.09 x 10°
In 6.0 x 1012 0.31 x 10%° 0.04-1.4 x 10®  0.12-0.32 x 10%° 0.14 x 10*° 6 x 10%° 0.6 x 10 017 x 10%°
cd 0.15 x 10*2 <0.03 x 10° 3 x 107 —_ <2 x 107 0.14 x10°  0.014 x 10° <0.7 x 10°
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2. Materials and Methods

2.1 Study Site

The Nakdong River is the longest in South Korea (here abbreviated to Korea)
with a 510.4 km length main channel and a watershed area of approximately 23,700
km? (Jeong et al., 2007). The river starts from the eastern part of Korea, heading
towards the south, passes Busan, the second-largest city in Korea, and finally enters
the South Sea. The mean annual precipitation of the river is 1,253 mm, and most of
the rainfall (60-70%) is concentrated during late July to mid-September, owing to
summer monsoon and typhoons (Jeong et al., 2007).

The Nakdong River is a significant source of water supplies around Korea's
southeastern part for agricultural and civil uses. The anthropogenic exploitation of
water leads to the potential possibility of pollution of REEs and trace metals in
estuarine waters. To prevent saltwater intrusion, regulate the water level, and manage
the water supplies around cities where the river passes through, an estuarine dam
was constructed at the river mouth in 1987. The earth core rockfill dam in the
Nakdong River currently supplies 7.5x10% m? of river water annually.

Since the Nakdong River Estuary has a single riverine source (Nakdong River)
entering the South Sea of Korea, this site is suitable to investigate the seasonal
change of mixing between river water and seawater and its behavior dissolved REES
and trace metals as its consequence. The dam located at the mouth of the river
regulating the discharge of river water is considered an appropriate site for
examining the influence of a dam on the geochemistry of REEs and trace metals in

an estuary.
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2.2 Analysis

Figure 4 summarizes the basic schematic diagram of sample analysis. The
samples collected at the Nakdong River Estuary was filtered, acidified then stored.
For measurement, the samples were concentrated beforehand, then their

concentrations were determined. Each of the steps is described in detail below.

2.2.1 Sample Collection

The estuarine water samples were collected at a fixed station located 560m
downstream from the dam at the Nakdong River Estuary (Lee and Kim, 2018)
(Figure 5). The sampling was conducted once a month from October 2014 to August
2015 (11 months). The samples were collected in high-density polyethylene (HDPE)
bottles every hour for 24 hours during spring tide using an autosampler
(RoboChem™ Autosampler; Centennial Technology, Korea, Model S3-1224N)
deployed at 1m below the surface (Lee and Kim, 2018). The HDPE bottles were
prepared to be trace metal-clean beforehand to prevent any possibility of
contamination. HDPE bottles were soaked in 65°C 5% HNO3 (Ultrapure grade) for
2 hours and cleaned thoroughly using de-ionized water (DIW) five times. The bottles
were stored in double-packed plastic bags, which also had gone through the same
cleaning process with HDPE bottles. Once the samples were collected, they were
immediately carried to a trace metal-clean laboratory (Class-100) within 24 hours.
All estuarine samples were filtered with 0.45um filters (mixed cellulose ester,
Advantech) then acidified below pH two using double-distilled 6M HNO; for long
term storage. The salinity of each sample was measured using a YSI Pro Series

conductivity probe sensor in the laboratory.
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2.2.2 Preconcentration of Rare Earth Elements and Trace Metals

The acidified Nakdong River estuarine water samples were transferred to HDPE
conical tubes for measurement. To prevent the tubes' potential contamination, they
were soaked in detergent for at least 12 hours and washed with DIW seven times.
After removing the detergent, the tubes were soaked in 5% HNO3; (Ultrapure grade)
for at least 24 hours, then washed again with DIW. Lastly, the tubes were submerged
in 5% HNOs; (Ultrapure grade), heated up to 65°C for 2 hours, washed with DIW,
then thoroughly dried in a dust-free, trace metal-clean bench (Class-100) until the
DIW is fully vaporized. 10mL of river water samples were moved from HDPE
bottles to prepared conical tubes for analysis.

Since REEs and trace metals are present at low concentrations, the sample must
be concentrated beforehand in trace-metal clean conditions for accurate
measurement. A commercial system (seaFAST SP3 system, ESI) was used to
concentrate the REESs and trace metals in the sample and remove major ion matrix
to avoid potential interference during instrumental analysis in pristine condition.
Even though seaFAST is typically used to analyze seawater, it can still be utilized in
the sample with a high matrix such as riverine waters. The preconcentration by
seaFAST was done in a clean enclosed unit equipped with air filters. The seaFAST
system uses chelation resin columns to conduct the preconcentration processes. The
three major steps demonstrate the procedure: (1) loading of samples, (2) rinsing off
major ion matrix, and (3) elution of REEs and trace metals (Figure 6a). The
autosampler probe fills the sample coil with 10mL of the acidified sample by suction.
While the sample stays in the resin column, the sample’s pH is adjusted to 6.0 + 0.2
with 4 M NH4Ac buffer (ESI), and the salt and major ion matrix are removed with

DIW (Kohler, 2017; Rapp et al., 2017). Then, the sample-buffer solution is moved
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to the chelation column, which was preconditioned in 0.1% HNO; (Ultra High Pure
Grade, ODLAB), and is eluted with 8% HNO3 (Rapp et al., 2017). The chelation
column used for preconcentration is filled with Nobias-chelate PAL resin, the
hydrophilic methacrylate polymer on which ethylenediaminetriacetic and
iminodiacetic acids are immobilized (Sohrin et al., 2008) (Figure 6b). This resin is
known to have an excellent affinity for trace metals by forming up to five
coordinating bonds with metal ions with its chelating group (Sohrin et al., 2008).
After separated and the matrix is removed, the samples are directly injected into the
nebulizer of the analytical instrument, and the column is rinsed and conditioned for

the next sample with buffer and DIW (Rapp et al., 2017).

2.2.3 Instrumental Analysis

In this study, high-resolution sector field inductively coupled plasma mass
spectrometry (HR-SF-ICP-MS; Element II™, Thermo Fisher Scientific) was used to
determine both REEs and trace metals. All 14 elements of REEs (La to Lu) and eight
trace metals (Fe, Mn, V, Co, Ni, Cu, Cd, and Mo) were measured. ICP-MS applies
inductively coupled plasma to generate atomic ions from samples, which are then
measured in the form of a mass-to-charge ratio (Figure 7). The instrument provides
three resolution modes: (1) low-resolution mode (LR), (2) middle-resolution mode
(MR), and (3) high-resolution mode (HR). Not all elements require HR for
measurement, so REEs trace metals were analyzed in LR and MR, respectively. The
instrument's sensitivity was checked with three elements ’Li, *°In, 2®8U by using a
tuning solution (1pg/L) from Thermo Fisher scientific in LR mode. The minimum
counts for each element were 1.0x108, 2.0x107, and 3.5x107. Since ICP-MS has the

possibility of interference by Ar gas, air, contamination, and solvent of the sample,
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it should be confirmed that the interference does not interrupt accurate analysis of
elements. The count of *Eu and **Ba’®*O was compared in LR mode to ensure that
the count of ¥Ba®0 does not exceed more than 0.3% of '>'Eu, and the interference
of “°Ar®0 on °6Fe was examined in MR every time before measurement for higher
accuracy. When measuring trace metals, interference between Mo and Cd was also
considered; some portion of Mo could be detected as Cd due to the oxidized form of
Mo (MoQO"). Cd-free Mo standards were measured to make a linear regression curve
to correct the measured values by subtracting the count of Cd that has increased by
oxidized Mo. To monitor the consistency of the process, Rh was spiked as an internal
standard in each sample. Also, certified reference material (CRM; SLRS-4, National
Research Council of Canada) was analyzed for confirmation. Furthermore, to
continually check the sensitivity of ICP-MS, standards with the highest
concentration or CRM were measured for every five samples to test the count of
elements. If the result fluctuated within £ 5%, the measurement proceeded. The
machine was washed with 1% HNO; for 210 seconds between each sample to
prevent the memory effect of ICP-MS. The instruments used in this study (SeaFAST
system connected to HR-ICP-MS) can be seen in Figure 8. The operating condition
of ICP-MS, correspondence of CRM with known values, and the detection limit of
REEs and trace metals are presented in Table 2, Table 3, and Table 4. The determined

values which were below the detection limit were omitted.

2.2.4 Data Collection and Quality Control
Since the samples were collected 5 to 6 years ago, there were some lost samples
when the analysis was in progress. There are samples collected for nutrient analysis,

and the suitability for measuring REEs and trace metals should be tested. Among the
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total 264 samples gathered throughout the sampling period, only 137 samples were
available for analysis. Also, despite the effort to prevent possible contamination
during sampling and storage, some samples were excluded due to contamination.
Some months could not cover the time range between ebb to flow (12 hours) during
the sampling period owing to the loss of samples, and these months were considered
deficient in explaining the mixing of saltwater intrusion and riverine discharge fully.
Data from three months (February, March, and June) were omitted in evaluating the
monthly behavior of REESs and trace metals. Even though the full set of samples were
not analyzed, the data seems to be adequate for evaluation since the data covers the
period of sampling over the whole season. The real-time data of discharge volume
from the Nakdong River Estuary dam are accessible at Mywater

(http://www.water.or.kr/) or Nakdong River Flood Control Office

(http://www.nakdongriver.go.kr/main.do).
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Figure 4. Schematic diagrams of the overall analytical procedure for rare earth elements and trace

metals.
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Figure 6. (a) Schematic overview of the seaFAST preconcentration column. Reproduced from
Elemental Scientific. (b) Chemical structure of functional groups on Nobias Chelate-PA1l.

Reproduced from (Sohrin et al., 2008).
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Figure 7. Schematic overview of the high resolution inductively coupled plasma mass spectrometry

(HR-ICP-MS). Modified from (Jakubowski et al., 1998).
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Figure 8. Instruments used in this study: SeaFAST SP3 system (right) connected to high resolution
inductively coupled plasma mass spectrometry (HR-ICP-MS) (left).
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Table 2. Operating conditions for high resolution inductively coupled

plasma mass spectrometry (HR-ICP-MS).

HR-ICP-MS (Thermo Element II ™)

Plasma Condition

Forward power 1250 [W]
Cool gas flow 16.00 [L'min™]
Auxiliary Ar flow 0.7 - 0.8 [L'min™]
Nebulizer
Ar gas flow 1.016 [L'min™]
Peristaltic pump speed 10 [rpm]
Data Acquisition
Quantification type Intensities [cps]
Acquisition time 80 [s]
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Table 3. Measured values of rare earth elements and trace metals for certified reference materials (SLRS-4 and CASS-6).

(a) (Yeghicheyan et al., 2001), n=174

(b) Ma et al., 2019), n=2

SLRS-4 (n=12) [pM]

CASS-6 (n=6) [pM]

SLRS-4 (n=10) [nM]

Elements Elements

(a) This Study () This Study (a) This Study
La 287 %8 287.7120.9 9.1%0.1 10.1£0.18 A% 0.32+0.03 0.33%0.02
Ce 360%12 362.0+£26.9 59102 5.6 £0.07 Mn 3.3710.18 3.1310.44
Pr 69.311.8 67.5%5.2 1.3%0.1 1.6 £ 0.04 Fe 103 %5 100.92 £7.66
Nd 26914 234.8%18.1 55%0.1 5.51£0.07 Co 0.033 £ 0.006 0.0310.01
Sm 574128 55.8+4.1 1+0.03 1.2+0.05 Ni 0.67 £0.08 0.65 % 0.09
Eu 8.0%0.6 8.0+0.6 0.31£0.02 0.5 10.04 Cu 1.811£0.08 1.6810.19
Gd 342120 408134 1.6 £0.05 1.9 £0.05 Cd 0.012 £0.002 0.02+0.01
Tb 43104 52t0.4 0.210.03 0.4 £0.08 Mo 0.2110.02 0.2810.13
Dy 242*1.6 236118 1.1£0.03 1.6 £0.06
Ho 47%0.3 49%0.3 0.3f0.01 0.5*0.04
Er 13.4%0.6 141+ 1.1 0.9+0.01 1.3+0.07
Tm 1.7+0.2 22+0.2 0.1+£0.01 0.4 £0.07
Yb 12.010.4 12510.8 1+0.2 1.5+0.07
Lu 1.9t0.1 23101 0.210.01 0.6 £0.12
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Table 4. Reagent blanks and instrument detection limits of rare earth elements (n=9) and trace

metals (n=12)

Blank D.L. Blank D.L.
Elements m/z Elements m/z
[ngL?’]  [ngL’] [ngL’]  [ngL”]
La 139 0.04 0.06 \' 51 0.01 14.88
Ce 140 0.07 0.16 Mn 55 2.49 9.06
Pr 141 0.09 0.19 Fe 56 1.20 12.55
Nd 144 0.06 0.16 Co 59 1.19 10.86
Sm 147 0.05 0.15 Ni 60 2.89 15.57
Eu 153 0.09 0.20 Cu 63 0.06 11.16
Gd 157 0.07 0.21 cd 111 2.28 6.29
Tb 159 0.05 0.25 Mo 95 1.27 2281
Dy 163 0.06 0.25
Ho 165 0.07 0.13
Er 166 0.08 0.10
Tm 169 0.13 0.03
Yb 172 0.11 0.22
Lu 175 0.14 0.23
25
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3. Results

3.1. Rare Earth Elements

3.1.1. Distributions of Dissolved Rare Earth Elements

Figure 9 presents the concentration of dissolved REEs against salinities. Eight
elements represent the REEs as they have similar distribution due to their coherent
chemical properties. The salinity of the samples ranged from 0.2 to 25.9. The
dissolved REE concentrations varied by up to two orders of magnitude; La ranged
from 24 pM to 251 pM while Lu ranged between 2.6 pM and 8.0 pM (Table 5).

The elements showed a linear correlation with salinity, which coincided with the
conservative mixing line of river water and seawater endmember. Although the
elements were similar to each other, the slope of each element displayed systematic
changes. The LREEs showed a positive linear correlation with increasing salinity,
while heavier elements such as Er to Lu showed constant and even negative
correlation (Yb and Lu). Since the seawater endmember concentration in this study
corresponds with previously reported data in November 2017 (Kim et al., 2020), the
altering trend among the REEs appears to result from varying river water endmember
concentration.

However, unlike the other months, data from October, April, and July
demonstrated a highly non-conservative trend with respect to the mixing of
freshwater and seawater. In the low-salinity region, the concentrations of the three
months showed wide scatter and were approximately 2 to 12-folds greater compared
to the extrapolated riverine endmember concentration of the conservative mixing

line. The concentration showed less scattered distribution in the mid to high-salinity
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region and showed conservative mixing between riverine endmember and seawater
endmember as the concentrations approached the seawater endmember.

Apart from the systematic changes, a distinctive element showed a trend that
did not conform well with adjacent elements. Gd showed a conservative decline with
increasing salinity, unlike other MREEs, which showed a positive correlation with
increasing salinity and anomalous three months. The Gd-salinity distribution appears
to resemble the trend of heavy elements such as Yb and Lu. Several data from
October also showed higher concentration compared to the freshwater—seawater

mixing line.
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Figure 9. Graphs of dissolved rare earth elements versus salinities in the Nakdong River Estuary.
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Table 5. Concentrations of rare earth elements against salinities. (N.D.: Not Detected)

Concentrations of Rare Earth Elements [pM]

Sampling Time Salinity La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
2014-10-23 15:00 0.2 120.8 189.3 27.1 108.8 26.1 6.1 46.3 4.7 28.5 6.5 21.0 3.5 28.3 5.7
2014-10-23 16:00 0.3 197.8 3243 471 187.0 439 10.0 65.3 7.7 48.0 10.9 34.1 5.2 37.8 7.1
2014-10-23 17:00 0.4 69.9 93.4 14.6 56.5 12.9 3.1 319 2.3 13.6 3.3 11.6 2.3 20.6 44
2014-10-23 18:00 0.2 65.3 86.4 14.3 56.6 13.3 3.1 339 2.4 15.3 3.6 11.7 2.0 18.2 4.1
2014-10-23 19:00 0.2 43.8 63.5 10.0 383 9.8 2.7 29.0 2.0 10.8 3.0 10.2 2.2 19.6 4.5
2014-10-23 20:00 0.3 1419 2136 332 1313 323 7.6 56.0 5.7 33.9 7.5 23.4 3.7 27.7 5.6
2014-10-23 21:00 0.2 126.5 184.0 28.8 113.3 28.8 6.7 52.5 5.1 30.5 6.7 20.6 3.2 25.6 5.3
2014-10-23 22:00 0.6 55.2 73.0 14.0 58.6 14.6 3.4 359 2.5 15.1 3.7 13.9 2.7 24.5 4.9
2014-10-23 23:00 4.5 99.3 113.8 19.4 79.1 19.4 4.9 41.8 4.2 26.5 6.7 234 4.1 29.1 5.6
2014-10-24 1:00 2.5 229.0 3393 477 1852 409 9.5 62.7 7.5 50.2 12.8 43.5 6.8 47.4 8.0
2014-10-24 2:00 3.2 27.2 54.3 9.7 43.3 10.5 2.5 29.0 2.3 18.2 5.0 19.2 3.3 25.5 4.7
2014-10-24 3:00 3.7 251.6 3588 456 1772 385 8.7 62.0 7.2 49.1 11.6 37.5 5.9 40.7 7.1
2014-10-24 4:00 3.3 158.2 215.6 30.0 121.3 27.3 6.4 49.1 5.5 37.0 8.9 29.5 4.6 32.7 5.8
2014-10-24 5:00 2.5 2033 3046 421 1639 356 8.1 58.3 6.5 46.0 11.5 39.6 6.3 44.0 7.5
2014-10-24 6:00 24 56.8 78.8 13.9 58.6 14.0 34 35.1 2.7 17.0 4.3 16.6 3.1 25.2 49
2014-10-24 7:00 2.9 47.1 54.7 10.5 45.1 11.2 2.6 334 2.1 134 3.6 15.1 2.9 24.2 4.8
2014-10-24 8:00 3.6 70.3 79.3 13.9 57.0 13.5 3.2 354 2.6 16.4 4.3 17.6 3.2 25.7 5.1
2014-10-24 9:00 8.4 76.7 754 13.3 54.3 12.7 3.1 32.3 2.5 17.4 4.5 16.9 3.0 22.7 4.3
2014-10-24 10:00 9.9 101.6 91.5 15.7 62.4 13.6 3.2 34.2 2.7 18.9 4.8 18.2 3.1 24.1 4.6
2014-10-24 11:00 17.9 129.2 99.3 18.5 69.4 13.9 34 279 2.9 18.5 4.8 17.6 2.8 209 3.8
2014-10-2412:00 142 1100 857 14.8 57.1 11.5 2.9 25.7 2.4 15.7 4.2 15.7 2.7 20.0 3.9
2014-10-24 13:00 11.8 1384 1169 19.8 75.8 16.2 4.0 35.8 3.4 22.8 5.8 20.2 3.3 244 4.5
2014-10-24 14:00 5.4 71.8 73.5 13.0 54.0 12.7 3.0 37.2 2.6 17.4 4.6 18.0 3.2 25.3 4.8
2014-10-24 15:00 3.1 62.7 70.1 12.7 54.2 13.6 3.3 42.7 2.7 17.7 4.5 18.3 3.3 27.2 5.1
2014-11-24 15:00 18.7 74.5 52.1 10.9 41.7 8.6 2.2 28.2 2.0 13.9 4.0 16.0 2.7 209 3.9
2014-11-2417:00  16.8 58.0 44.3 8.9 34.2 7.5 1.9 25.9 1.7 12.5 3.7 14.7 2.7 20.7 3.8
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Table 5. Concentrations of rare earth elements against salinities (Continued).

Sampling Time

Salinity

Concentrations of Rare Earth Elements [pM]

La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu

2014-11-24 23:00 22.3 72.4 52.0 10.4 39.3 N.D. 2.2 24.4 2.0 13.9 3.9 14.5 2.5 18.8 3.4
2014-11-25 1:00 15.7 65.3 47.7 9.8 38.2 8.4 2.0 30.3 1.8 13.8 4.1 16.4 2.9 22.5 4.2
2014-11-25 2:00 16.1 66.7 529 9.9 38.2 8.2 2.1 30.1 1.8 13.7 4.1 16.6 2.9 22.5 4.2
2014-11-25 3:00 14.2 67.2 43.4 9.9 39.6 8.6 2.1 31.8 1.9 14.9 4.2 17.2 3.0 23.5 4.2
2014-11-25 4:00 12.4 69.0 56.4 10.2 39.5 8.7 2.1 32.7 1.8 134 3.9 16.4 2.9 229 4.3
2014-11-25 5:00 10.6 49,5 39.7 8.5 33.7 7.9 2.1 N.D. 6.6 13.6 4.3 18.2 3.6 27.0 5.2
2014-11-25 6:00 10.4 46.7 39.4 7.6 30.4 7.1 1.7 35.8 N.D. 12.2 3.8 16.3 3.1 24.3 4.6
2014-11-257:00 8.7 43.8 36.0 7.5 30.4 7.1 1.8 399 1.7 12.7 3.9 17.3 3.1 25.7 4.9
2014-11-258:00 10.2 44.0 35.9 7.6 30.1 6.9 1.8 36.7 1.6 12.3 3.7 16.2 3.0 24.7 4.6
2014-11-259:00 12.4 53.1 46.6 8.6 33.8 7.6 1.9 347 1.8 12.8 3.8 16.5 3.0 23.8 4.4
2014-11-2510:00 16.3 69.3 77.4 10.4 39.9 9.1 2.1 32.2 1.9 14.3 3.9 16.4 2.8 22.5 4.1
2014-11-2512:00 25.4 85.3 63.0 11.8 44.9 9.0 2.2 25.3 2.1 159 4.3 16.3 2.6 18.9 3.3
2014-11-2513:00 20.0 74.8 56.4 10.9 42.5 9.3 2.1 28.2 2.0 15.0 4.2 16.5 2.7 21.1 3.7
2014-12-2217:00 17.6 80.7 53.8 11.7 45.8 9.8 2.4 36.7 2.2 16.3 4.4 16.7 2.8 21.4 3.8
2014-12-22 19:00 17.1 76.5 54.1 11.7 449 10.2 2.5 44.8 2.3 17.4 4.7 18.0 3.1 23.4 4.3
2014-12-22 23:00 21.8 96.9 74.7 13.8 52.1 11.1 2.6 341 2.4 17.7 4.7 16.7 2.7 20.5 3.7
2014-12-23 3:00 23.8 109.2 83.4 14.4 56.1 11.5 2.8 33.2 2.6 18.6 4.9 17.7 2.8 21.0 3.8
2014-12-23 5:00 25.9 125.1 87.3 16.7 64.5 13.0 3.0 29.6 2.8 19.2 4.9 17.3 2.6 19.1 3.3
2014-12-23 7:00 25.0 95.1 67.4 13.1 49.9 10.2 2.5 26.7 2.3 17.2 4.5 16.1 2.5 18.5 3.1
2014-12-2313:00 23.5 87.5 61.8 12.0 46.1 9.3 2.3 28.5 2.2 16.1 4.3 15.6 2.5 18.8 3.3
2015-1-21 15:00 25.7 95.2 85.9 14.6 53.3 11.6 2.7 38.6 2.4 17.0 4.7 18.6 3.2 25.1 4.7
2015-1-21 17:00 17.5 72.6 60.5 10.8 42.4 9.3 2.2 36.9 2.0 15.5 4.4 17.5 3.1 24.6 4.6
2015-1-21 19:00 15.6 70.0 59.8 11.2 42.2 9.0 2.2 36.0 2.0 14.3 4.3 17.1 3.0 23.3 4.4
2015-1-21 23:00 19.5 85.9 68.5 12.2 46.1 9.2 2.3 243 2.1 15.2 4.1 15.2 2.3 17.2 3.0
2015-1-22 3:00 25.7 70.3 55.4 10.0 39.2 8.2 1.9 31.0 1.9 14.1 3.9 15.6 2.6 20.3 3.8

2015-1-22 5:00 23.3 92.0 69.3 13.3 50.6 10.3 2.5 25.7 2.3 16.5 4.3 15.6 2.5 18.2 3.1
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Table 5. Concentrations of rare earth elements against salinities (Continued).

Sampling Time

Salinity

Concentrations of Rare Earth Elements [pM]

La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu

2015-1-22 7:00 19.4 83.0 69.0 12.0 45.6 9.4 2.3 28.3 2.1 15.4 4.2 15.7 2.6 19.5 3.5
2015-4-21 11:00 5.3 54.3 37.7 9.6 39.4 10.0 2.4 41.3 2.4 20.6 5.9 22.5 3.6 26.5 4.5
2015-4-21 19:00 0.8 46.2 38.2 109 43.9 11.2 2.5 52.2 2.7 229 6.6 24.2 3.9 29.9 5.3
2015-4-21 21:00 1.7 79.2 91.3 16.3 60.1 14.3 3.1 50.4 3.0 239 6.6 24.4 3.9 29.3 5.2
2015-4-21 23:00 5.6 86.7 69.4 15.3 57.1 13.3 3.1 46.9 2.9 23.7 6.7 24.6 3.9 28.9 5.0
2015-4-22 3:00 7.9 80.5 442 12.5 49.5 11.6 3.8 45.5 2.8 23.4 6.8 25.0 4.1 30.2 5.2
2015-4-22 5:00 5.9 77.2 449 12.6 51.1 121 2.7 45.6 2.8 23.2 6.8 25.4 4.0 29.7 5.3
2015-4-22 7:00 33 1108 1319 21.0 74.7 16.6 3.5 48.6 2.9 21.0 5.9 22.3 3.8 28.1 5.0
2015-4-22 9:00 3.3 85.9 1211 13.4 52.2 13.0 2.8 49.2 29 229 6.6 25.0 4.2 31.6 5.6
2015-5-19 17:00 13.9 76.5 76.8 10.5 39.1 8.1 2.4 23.5 1.8 13.2 3.8 14.7 2.5 17.8 3.2
2015-5-1919:00 13.3 63.7 71.7 8.8 339 7.0 1.8 24.0 N.D. 11.6 3.4 13.1 2.3 16.8 3.0
2015-5-19 21:00 15.5 733 69.4 10.6 39.4 8.2 2.1 24.1 1.7 13.0 3.7 13.7 2.4 17.2 3.0
2015-5-19 23:00 16.8 88.9 90.2 12,9 45.6 8.9 N.D. 25.3 1.8 12.6 3.7 13.8 2.3 16.7 2.9
2015-5-20 1:00 15.8 69.1 62.6 10.4 38.5 8.3 2.0 24.3 1.8 13.3 3.8 14.6 2.4 17.4 3.2
2015-5-20 3:00 15.2 1228 1574 13.5 48.7 10.0 2.6 26.2 2.1 15.3 4.2 15.4 2.4 18.3 3.2
2015-5-20 5:00 13.1 74.9 76.3 9.9 36.9 8.0 2.8 24.8 1.7 12,5 3.5 13.5 2.3 16.5 3.1
2015-5-20 7:00 11.5 52.6 54.3 8.0 31.2 7.3 1.9 249 1.6 11.7 3.5 13.3 2.3 17.7 3.0
2015-5-209:00 11.2 68.9 68.2 9.9 37.5 7.8 3.3 24.4 1.7 12,7 3.6 13.7 2.3 17.0 3.0
2015-5-2011:00 20.1 83.4 69.5 11.4 41.9 8.8 2.0 219 1.8 13.4 3.8 139 2.2 16.8 2.9
2015-5-20 13:00 22.4 89.7 77.5 11.8 42.9 8.5 2.3 20.0 1.9 13.4 3.7 13.3 2.1 15.4 2.6
2015-7-15 12:00 6.0 68.6 66.3 13.1 54.8 12.7 3.2 29.9 2.8 19.1 4.8 17.1 2.8 211 3.8
2015-7-15 14:00 2.4 150.6  200.7 318 118.8 26.7 6.6 45.3 4.6 29.4 6.9 24.2 4.0 28.7 5.1
2015-7-1515:00 1.8 90.7 117.3 20.6 81.9 19.8 4.6 36.5 3.6 24.1 5.9 20.3 3.3 24.9 4.5
2015-7-15 16:00 2.2 78.5 91.9 17.7 73.0 17.9 4.1 35.9 3.5 22.8 5.7 19.7 3.3 24.3 4.4
2015-7-15 17:00 2.5 100.2 124.2 19.7 78.6 18.5 5.4 37.9 3.6 24.3 6.0 21.1 3.5 26.4 4.6
2015-7-15 18:00 3.3 85.9 99.3 16.9 68.8 16.4 4.3 34.8 3.2 22.2 5.6 19.9 3.3 24.6 4.3
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Table 5. Concentrations of rare earth elements against salinities (Continued).

Concentrations of Rare Earth Elements [pM]

Sampling Time  Salinity =7 Ce Pr Nd___ Sm  Eu Gi T Dy  Ho Er Tm YD Lu
2015-7-1519:00 3.8 788 795 166 687 163 38 332 31 217 54 187 31 231 41
2015-7-1520:00 54 1059 1240 194 744 167 73 324 32 214 53 186 31 230 40
2015-7-1522:00 152 1223 747 166 638 137 36 279 27 191 48 167 27 199 35
2015-7-1523:00 143 1269 732 175 693 144 34 284 29 195 50 174 28 202 35
2015-7-160:00 83 942 807 163 657 151 38 305 30 209 52 188 3.0 222 40
2015-7-161:00 54 962 928 181 731 167 40 330 32 223 56 199 32 237 42
2015-7-162:00 3.9 1052 1219 215 822 190 47 343 36 237 58 206 33 246 44
2015-7-163:00 34 914 999 188 781 189 44 347 3.6 240 59 206 33 246 44
2015-8-26 12:00 29 262 27.6 61 268 70 18 305 ND. 115 32 129 25 217 43
2015-8-26 14:00 27 247 243 57 250 66 16 312 ND. 114 32 128 24 208 43
2015-8-26 16:00 41 278 300 57 236 58 15 294 ND. 103 3.0 123 24 199 41
2015-8-2617:00 44 653 746 88 291 69 17 329 16 116 33 137 26 220 45
2015-8-26 18:00 47 277 262 56 237 63 16 312 ND. 113 32 130 25 213 43
2015-8-2620:00 62 339 330 66 266 63 15 304 ND. 110 3.0 123 23 197 39
2015-8-2621:00 110 378 237 58 235 56 15 267 ND. 98 28 112 20 175 35
2015-8-2622:00 94 722 723 115 415 95 22 307 18 130 34 138 24 206 39
2015-8-2623:00 67 316 274 57 237 63 16 303 ND. 116 3.2 134 25 215 43
2015-8-270:00 77 291 213 54 224 52  ND. 278 ND. 110 32 129 24 207 42
2015-8-271:00 51 270 233 53 235 59 15 301 ND. 116 33 134 25 219 43
2015-8-272:00 42 254 195 54 241 62 16 324 16 122 34 142 27 228 45
2015-8-274:00 44 300 224 63 272 72 18 352 18 142 39 162 30 247 50
2015-8-275:00 56 718 890 131 467 105 25 376 20 142 39 154 29 242 47
2015-8-276:00 63 364 286 65 274 68 18 327 17 129 36 145 28 232 45
2015-8-278:00 100 446 279 69 280 66 16 294 ND. 118 33 134 24 210 40
2015-8-279:00 107 405 219 68 273 65 17 3.7 16 121 35 145 26 223 43
2015-8-2710:00 111 414 221 63 257 62 15 286 ND. 112 31 129 23 197 3.9
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3.1.2. Shale-Normalized Pattern of Dissolved Rare Earth Elements

The distribution of REEs in nature follows the Oddo-Harkins rule, which is a
tendency of the even atomic-numbered elements being more abundant than adjacent
odd-numbered elements. This tendency of abundance occurs due to the difference in
stability depending on the electron configuration of the elements. In order to
determine the fractionation behaviors and anomalies of the elements, the
concentrations of REEs are often normalized with reference data sets to eliminate
the variation induced by natural abundance. In this study, Post-Archean Australian
Shale (PAAS) values were utilized to normalize the measured concentrations. Figure
10 presents the average values of each month (Taylor and Mclennan, 1985;
Migaszewski and Galuszka, 2015). The normalized REE patterns showed three
different traits of the Nakdong River Estuary.

(1) The PAAS values of REEs showed an increasing pattern across the series in
all seasons. The average normalized values of HREEs were 5.5-fold greater than that
of LREEs. It seems that the fractionation of REEs accompanied the depletion of
dissolved LREEs in samples relative to HREEs throughout the sampling period. The
comparison with the data reported in the Nakdong River Estuary in November 2017
(Kim et al., 2020) also showed an up to 92% decrease for LREEs while HREEs show
a 60% decline.

(2) Depletion of Ce concentration relative to the other REEs was constantly
observed around all months. Unlike the other REEs, which have the trivalent state
as their dominant form in aquatic solution, Ce is the only element in the series that
exists in a tetravalent form. Since Ce*" is less soluble compared to other trivalent
REEs, the element usually exists in particulate form and is prone to removal in

aqueous solution (Goldberg et al., 1963; de Baar et al., 1985; Elderfield, 1988;
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Sholkovitz, 1993). The Ce anomaly (Cen/Cex*) was calculated with the following
equation (Shields and Stille, 2001):

Cen/Cen* = 3Cey / (2Lax + Ndy) (1)

The subscript N and superscript * each denotes the PAAS normalized form of
dissolved REE concentration and estimated natural concentration by interpolating
adjacent elements. Calculated Ce anomaly value indicates the accordance with the
crustal composition of PAAS. When the value is between 0 and 1, it is called
'negative’ Ce anomaly meaning that fractionation has occurred from its adjacent
elements through deficiency of Ce by geochemical reactions depending on the
surrounding environment. In this study, the Ce anomaly value ranged from 0.27 to
0.76. Negative anomalies (0.1-0.5) are generally reported in seawater where removal
of tetravalent Ce occurs (Elderfield, 1988; Sholkovitz and Schneider, 1991; Piepgras
and Jacobsen, 1992; Sholkovitz, 1993).

(3) Positive Gd anomalies were observed consistently throughout the whole
sampling period. If the calculated Gd anomaly is higher than 1.1, it implies that there
may be an extra discharge of Gd which do not originate from crustal rocks. Rivers
covering densely populated and heavily industrialized areas usually show positive
Gd anomalies due to anthropogenic inputs (Bau and Dulski, 1996). In this study, the
Gd anomaly (Gdn/Gdn*) was calculated using the following equation (Ogata and

Terakado, 2006; Hissler et al., 2015):

Gdn/Gdn* = 5Gdn / (2NdN + 3DyN) (2)
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Owing to the coherent properties of REEs, the normalized value of natural Gd
concentration can be calculated by interpolating elements near Gd in the periodic

table. The normalized value was calculated with the following equation:

Gdx* = (2Ndx + 3Dyn) / 5 3)

The Gd anomaly values in this study ranged from 1.4 to 4.0 (average: 2.3 £ 0.6,
n = 102). These values conform well with an earlier study, which showed values
from 1.6 to 3.9 with an average of 2.3 + 0.8 in the San Francisco Bay (Hatje et al.,
2016). The positive Gd anomaly in this study can be interpreted that the water
contains the anthropogenic component as well as the Gd from natural sources

(Lawrence, 2009).
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Figure 10. The monthly average PAAS (Post-Archean average Australian Shale)
normalized patterns of dissolved REEs in the Nakdong River Estuary. The gray line

indicates data collected in November 2017 from the same station (Kim et al., 2020).
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3.2. Trace Metals

The distribution of dissolved trace metals against salinities is shown in Figure
11. The dissolved concentration of V, Mn, Fe, Co, Ni, Cu, Cd, and Mo each ranged
from 10.89 to 38.15, 3.58 to 743.68, 4.57 to 230.23, 0.24 to 4.16, 14.45 to 78.27,
5.65 to 21.50, 0.06 to 0.41, and 6.74 to 96.28 nM, respectively (Table 6). Despite
clean sampling, some of the samples were contaminated, and there were several
outliers. The behavior of trace metals in the estuarine environment varies due to
increased chemical gradients such as ionic strength, alkalinity, pH, and salinity
(Church et al., 1986).

The features of dissolved trace metals-salinity distribution are described as
follows.

(1) Distribution of dissolved Mn, Co, and Cd showed a generally positive
correlation with increasing salinity. However, Mn and Co from October and July
showed anomalously scattered distribution above the conservative mixing line in the
low-salinity region. The trend was analogous to the LREES. Also, the dissolved Mn
concentration in May showed scattering in a higher salinity zone. Cd did not show
any anomaly during the sampling period and showed a similar increasing trend with
salinity with the concave curve upwards.

(2) Distribution of dissolved Ni was highly scattered in the low-salinity region,
similar to Mn and Co. The highest concentration was approximately 4.5-folds greater
than the lowest. The wide concentration ranges in low-salinity appeared to narrow
down across salinity and eventually approached the oceanic endmember. The scatter
in the low-salinity region indicates that the endmember in the estuary fluctuated

during the sampling period.
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(3) The concentration of dissolved Fe showed non-conservative behavior
against increasing salinity. The concentrations were far below the conservative
mixing line between the freshwater and seawater endmembers. There was an abrupt
decrease in the low-salinity region, and the concentrations remained constant with
increasing salinity.

(4) Conservative mixing was observed in dissolved Mo, V, and Cu. A negative
correlation was shown in dissolved Cu, while Mo and V showed conservatively
increasing trends with increasing salinity. The trends of the elements well indicated
their source input; Cu originates from the river while Mo and V have their primary
source in the ocean. Dissolved Mo showed conservative mixing throughout the
whole sampling period, while the dissolved V concentration in July and August was
placed above the conservative mixing line in the low to mid salinity region (S = 0-

12).
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Figure 11. Dissolved concentrations of trace metals (V, Mn, Fe, Co, Ni, Cu, Cd, and Mo) against salinities in the Nakdong River Estuary.
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Table 6. Concentrations of trace metals against salinities.

(N.D.: Not Detected, Numbers highlighted in red are considered as outliers.)

Concentrations of Trace Metals [nM]

Sampling Time Salinity
\ Mn Fe Co Ni Cu Cd Mo
2014-10-23 15:00 0.2 18.9 342.7 65.7 1.04 733 16.0 0.19 11.2
2014-10-23 16:00 0.3 18.9 566.7 62.4 111 60.4 17.0 0.12 12.0
2014-10-23 17:00 0.4 15.2 68.7 42,6 0.99 45.6 16.4 0.06 15.1
2014-10-23 18:00 0.2 13.4 19.9 315 0.95 343 14.1 0.15 10.2
2014-10-23 19:00 0.2 13.6 8.0 30.0 2.15 325 20.7 0.54 9.8
2014-10-23 21:00 0.2 13.4 213.6 29.9 1.94 317 14.5 0.10 9.9
2014-10-23 22:00 0.6 16.2 15.9 26.1 1.06 34.9 14.8 0.10 119
2014-10-23 23:00 4.5 20.4 451.4 17.7 1.90 57.0 179 0.23 27.9
2014-10-24 1:00 2.5 18.8 599.1 53.4 1.75 49.8 17.4 0.16 16.1
2014-10-24 2:00 3.2 13.4 230.7 10.0 295 40.4 215 0.84 17.8
2014-10-24 3:00 3.7 19.7 647.2 57.6 3.05 41.5 11.8 0.12 20.7
2014-10-24 4:00 33 17.2 4584 305 4.16 38.4 13.7 0.11 20.1
2014-10-24 5:00 25 18.3 482.9 47.2 1.56 39.1 15.4 0.17 15.9
2014-10-24 6:00 2.4 18.4 2104 3438 091 337 14.2 0.19 19.5
2014-10-24 7:00 2.9 14.1 188.1 124 1.14 29.4 14.0 0.17 8.1
2014-10-24 8:00 3.6 15.7 2129 12.5 2.36 35.0 14.3 0.16 22.7
2014-10-24 10:00 9.9 24.1 469.1 13.7 3.62 50.5 17.2 0.21 51.8
2014-10-24 11:00 17.9 21.4 11184 6.6 1.46 36.1 7.9 0.21 56.9
2014-10-24 12:00 14.2 20.8 501.8 7.3 1.92 40.5 11.3 0.19 41.0
2014-10-24 13:00 11.8 17.4 224.7 13.2 0.96 30.1 133 0.16 16.4
2014-10-24 14:00 5.4 14.4 2379 72 1.00 27.5 9.7 0.09 18.0
2014-10-24 15:00 31 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
2014-11-24 15:00 18.7 15.0 207.1 8.8 1.58 44.3 7.7 0.29 37.7
2014-11-24 17:00 16.8 17.6 325.4 9.2 1.86 39.6 10.0 0.21 49.3
2014-11-24 23:00 223 22.3 403.0 8.4 1.46 35.7 9.0 0.10 67.0
2014-11-25 1:00 15.7 17.5 175.0 8.2 1.21 27.1 9.6 0.19 44.3
2014-11-25 2:00 16.1 17.4 240.6 11.3 1.27 26.4 9.4 0.20 43.8
2014-11-25 3:00 14.2 18.9 114.2 9.7 1.73 27.4 8.2 N.D. 45.7
2014-11-25 4:00 12.4 16.1 193.3 11.2 1.35 29.0 9.8 N.D. 43.3
2014-11-25 5:00 10.6 14.4 204.8 4.6 1.10 25.7 11.0 0.14 337
2014-11-25 6:00 10.4 14.6 217.6 8.0 1.15 25.3 11.2 0.17 339
2014-11-25 7:00 8.7 18.5 193.3 74 1.31 31.4 14.0 0.12 39.8
2014-11-25 8:00 10.2 15.1 194.4 11.2 117 27.2 119 0.15 34.9
2014-11-25 9:00 12.4 15.6 201.4 15.7 1.09 25.2 11.2 0.17 36.2
2014-11-25 10:00 16.3 16.1 190.2 253 1.09 26.8 10.0 0.22 36.8
2014-11-2512:00 25.4 24.5 3351 17.7 1.52 35.9 9.8 0.27 82.3
2014-11-25 13:00 20.0 19.7 257.8 10.9 111 26.2 9.6 0.08 60.9
2014-12-22 17:00 17.6 17.6 126.5 10.7 1.42 48.6 7.3 0.12 51.3
2014-12-22 19:00 17.1 19.7 160.4 9.7 1.89 61.0 9.2 0.20 62.3
2014-12-22 23:00 21.8 20.7 237.2 14.3 1.46 47.0 9.3 0.21 66.7
2014-12-23 3:00 23.8 20.4 293.2 209 1.51 41.3 6.5 0.17 70.8
2014-12-23 5:00 25.9 29.9 334.8 25.1 1.70 44,7 7.6 0.39 96.3
2014-12-23 7:00 25.0 23.4 234.2 157 1.18 334 6.5 0.23 779
2014-12-23 13:00 23.5 23.9 261.7 103 1.30 325 7.7 0.21 69.9
2015-1-2117:00 17.5 14.5 283.6 16.3 1.82 51.6 7.2 0.24 49.2
2015-1-21 19:00 15.6 15.5 262.5 129 1.50 479 9.9 0.29 52.5
2015-1-21 23:00 19.5 21.2 295.3 10.4 1.50 395 7.3 0.41 70.4
2015-1-22 3:00 25.7 12.4 256.9 109 1.30 39.0 9.2 0.35 57.9
2015-1-22 5:00 233 21.0 245.3 159 1.00 30.6 6.4 0.17 67.7
2015-1-22 7:00 19.4 18.4 261.0 27.8 1.22 33.3 8.6 0.39 61.8

40

-":rxﬁ-! ":I: ) 'I_-



Table 6. Concentrations of trace metals against salinities (Continued).

(N.D.: Not Detected, Numbers highlighted in red are considered as outliers.)

Concentrations of Trace Metals [nM]

Sampling Time Salinity

\ Mn Fe Co Ni Cu Cd Mo
2015-4-21 11:00 5.3 12.0 10.4 69.0 0.51 51.4 131 0.08 329
2015-4-21 19:00 0.8 12.8 3.6 24.6 0.65 39.5 17.0 0.08 24.1
2015-4-21 21:00 1.7 11.3 8.7 201.6 0.61 37.3 14.0 0.11 21.7
2015-4-21 23:00 5.6 11.3 27.5 59.5 0.56 43.3 12.6 0.14 27.8
2015-4-22 3:00 7.9 13.6 18.1 65.0 0.62 383 12.3 0.13 37.0
2015-4-22 5:00 5.9 12,6 17.2 50.4 0.58 36.8 14.2 0.18 31.2
2015-4-22 7:00 3.3 12.2 15.6 230.2 0.58 34.6 135 0.12 183
2015-4-22 9:00 3.3 13.3 16.4 144.1 0.83 49.0 l6.4 0.16 17.2
2015-5-19 17:00 13.9 201 358.1 24.5 293 529 9.4 0.17 50.3
2015-5-19 19:00 13.3 17.2 403.9 309 1.36 42.0 8.3 0.17 46.5
2015-5-19 21:00 15.5 19.2 457.0 40.7 142 42.7 8.0 0.14 52.7
2015-5-19 23:00 16.8 20.6 566.4 62.1 1.92 52.1 9.3 0.15 59.7
2015-5-20 1:00 15.8 109 440.4 32.7 1.49 42.3 11.6 0.23 49.5
2015-5-20 3:00 15.2 201 546.6 49.8 1.96 38.0 5.7 N.D. 51.2
2015-5-20 5:00 13.1 14.8 645.6 16.5 1.80 45.0 6.8 0.07 47.9
2015-5-20 7:00 11.5 183 578.6 42.4 1.57 44.9 9.3 0.08 42.4
2015-5-20 9:00 11.2 221 508.0 27.5 1.34 41.9 9.2 0.11 54.4
2015-5-20 11:00 20.1 234 531.8 30.5 1.52 42.6 7.8 0.13 66.5
2015-5-20 13:00 22.4 24.3 606.8 26.8 2.09 45.0 7.8 0.20 72.2
2015-7-15 12:00 6.0 243 579.4 40.0 1.52 38.0 129 0.12 28.2
2015-7-15 15:00 1.8 322 219.6 94.6 0.95 38.9 16.3 N.D. 26.8
2015-7-15 16:00 2.2 26.7 204.8 52.8 1.41 339 138 0.08 21.2
2015-7-1517:00 2.5 26.6 2185 59.7 0.85 36.6 14.7 0.09 218
2015-7-15 18:00 3.3 286 293.9 66.7 1.06 38.1 14.5 0.07 303
2015-7-15 19:00 3.8 313 365.7 51.3 2.04 42.4 17.2 N.D. 31.0
2015-7-15 20:00 5.4 25.8 395.8 50.6 0.88 35.5 13.3 N.D. 319
2015-7-15 22:00 15.2 25.3 743.7 278 1.45 34.7 10.4 0.23 45.1
2015-7-15 23:00 14.3 18.3 325.0 23.0 0.95 23.5 10.8 0.16 27.0
2015-7-16 0:00 8.3 26.8 590.9 39.0 1.79 32.2 121 N.D. 35.1
2015-7-16 1:00 5.4 291 489.9 115.1 0.97 32.5 18.6 0.10 29.8
2015-7-16 2:00 3.9 303 4232 1667 112 36.1 14.8 0.10 25.7
2015-7-16 3:00 3.4 321 3431 50.2 0.81 31.0 15.0 N.D. 271
2015-8-26 12:00 2.9 323 54.5 88.8 1.21 234.3 19.7 0.29 22.3
2015-8-26 14:00 2.7 328 18.1 43.0 0.57 78.3 323 0.10 227
2015-8-26 16:00 4.1 32.8 27.6 19.9 0.81 64.1 62.7 0.13 26.7
2015-8-26 17:00 4.4 337 21.0 55.9 0.67 61.6 13.2 0.13 28.1
2015-8-26 18:00 4.7 304 37.7 17.7 1.16 64.0 121 0.07 25.8
2015-8-26 20:00 6.2 313 65.2 69.9 0.94 56.5 153.2 0.15 30.7
2015-8-26 21:00 11.0 311 61.1 11.0 0.75 60.1 108 0.11 421
2015-8-26 22:00 9.4 28.7 1014 3745 0.90 51.6 11.6 0.13 294
2015-8-26 23:00 6.7 301 53.2 11.7 0.74 54.4 11.8 0.07 30.1
2015-8-27 0:00 7.7 16.3 14.5 11.5 0.24 20.8 6.6 0.07 21.3
2015-8-27 1:00 5.1 182 29.5 20.6 0.90 46.5 11.9 0.07 30.8
2015-8-27 2:00 4.2 33.0 16.9 17.9 0.67 42.3 12.2 N.D. 27.9
2015-8-27 4:00 4.4 13.6 7.6 9.1 0.38 23.4 11.3 N.D. 20.0
2015-8-27 5:00 5.6 315 15.6 450.9 0.73 43.3 11.6 0.10 24.6
2015-8-27 6:00 6.3 303 19.8 30.2 0.81 64.2 135 0.09 36.7
2015-8-27 8:00 10.0 11.4 45.1 36.1 1.59 44.2 119 0.17 39.8
2015-8-27 9:00 10.7 30.6 55.0 14.7 0.95 46.5 11.4 0.12 41.5
2015-8-27 10:00 11.1 38.2 74.9 8.4 1.15 50.3 13.4 0.14 50.7
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4. Discussion

4.1. Fractionation of the Dissolved Rare Earth Elements

The distribution of dissolved REEs with salinity showed generally conservative
yet systematically changing trends (Figure 9). Such trends seem to depend on the
river water endmember since the oceanic endmember conforms well with the earlier
study conducted in the Nakdong River Estuary (Kim et al., 2020). The fractionation
behavior of REEs appears to account for the varying trend along the series.

In the estuarine environment, REEs are rapidly removed from the dissolved
phase in the low-salinity region by geochemical processes such as adsorption onto
SPM and sediments and salt-induced riverine colloid coagulation (Sholkovitz, 1993;
Kulaksiz and Bau, 2007). Previous studies reported that removal of REEs occurring
in the low-salinity region happens in order of LREE > MREE > HREE (Hoyle et al.,
1984, Goldstein and Jacobsen, 1988, Elderfield et al., 1990, Sholkovitz et al., 1992,
Sholkovitz, 1993, Sholkovitz, 1995, Nozaki et al., 2000b, Sholkovitz and Szymczak,
2000, Kulaksiz, and Bau, 2007). LREEs being more particle reactive than HREEs
leads to differing removal, which induces fractionation within the REE series. The
extensive removal of LREESs results in a lower river water concentration, even lower
than the seawater endmember. As the mixing of river water endmember and seawater
with lower LREE concentration occurs, the distribution of LREEs may show a
positive correlation with salinity. As the removal of REEs in river water decrease in
systematic order across the series, heavier elements might not be removed as much
as LREEs. The preferential removal of LREEs leads to a higher concentration of

dissolved HREEs in river water than the seawater endmember. Therefore, the
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fractionation behavior explains the negative correlation observed in heavier REE
such as Yb and Lu.

The data in this study were compared with the previous study conducted at the
Nakdong River Estuary in November 2017 in Figure 12 (Kim et al., 2020). The
samples were collected by scooping along 13 stations, including the station where
the collection was held in this study. The salinity of samples ranged from 0.3 to 33,
and the elements La, Eu, and Lu are shown as representatives for each LREEs,
MREEs, and HREEs. Under the assumption that the values gained in November
2017 well represent the surface distribution of the REEs, a trendline was made for
each element with the given data, excluding samples that were collected near highly
contaminated wastewater treatment plants. The dissolved REE concentration
approaches the trendline as salinity increases, and this can be inferred that data from
this study have similar seawater endmember with the sample of 2017. The graph
showed that the data of La, Eu, and Lu collected in 2017 was up to 12, 7, 2-fold
higher at the low-salinity region, respectively. This comparison may provide
adequate evidence of fractionation behavior among the REE series, that the
systematically varying extent of concentration across the series is likely to be the

result of the fractionation of the REEs in the estuary.
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Figure 12. Graphs of dissolved La, Eu, Lu concentrations versus salinity in the Nakdong River Estuary.

The trendline is made from the data collected in the Nakdong River Estuary, November 2017 (Kim et al., 2020).
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4.2. Features Observed in Dissolved Rare Earth Elements and

Trace Metals

The features of REE and trace metal profiles will be discussed to figure out the
processes that govern the distribution of dissolved elements in the Nakdong River
Estuary. The elements are classified into four groups: (1) Mn, Co, and LREEs, (2)
Cd and Ni, (3) Fe, (4) Mo, V, Cu, and Gd.

4.2.1. Mn, Co, and LREESs

The profiles of dissolved Mn, Co, and LREEs showed a general increasing trend
with exceptionally higher concentrations in October and July, which lies above the
conservative mixing line in the low-salinity region. Cd showed an increasing trend
with curved relation, which concaved upwards.

In Figure 9 and 11, Dissolved Mn, Co, and LREEs showed a wide range of
concentrations above the conservative mixing line in the low-salinity region. The
concentration of the two months reached the oceanic endmember with increasing
salinity. LREE/HREE ratio was examined, and its correlation with salinity was
plotted to figure out the process which may affect the overall increasing trend and
two anomalous months (Figure 13). The ratio of LREE and HREE was utilized as an

indicator for fractionation. The ratio was calculated with the following equation:

LREE/HREE = (Lax + Pry + Ndn) / (Erx + Ybx + Lun) @)

The LREE/HREE ratio ranged from 0.07 to 0.32. When the value is below 1, this
implies either depletion of LREEs or enrichment of HREEs from the crustal rock.

The LREE/HREE-salinity plot showed a conservatively increasing trend with higher
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values in October and July throughout the salinity region. Like the LREEs, the
fractionation pattern of October and July was widely scattered in the low-salinity
zone. The variant fractionation ratio in the two months near S = 0 suggests that the
water discharged has already been fractionated inside the dam. The mechanism
which is likely to cause fractionation and the scattered river water endmember is
described below.

The redox reaction of dissolved Mn must be explained to understand the features
of Mn, Co, and LREEs. The schematic diagram of dissolved Mn and other elements
is depicted in Figure 14. Mn is a redox-sensitive element that usually exists in
particulate form in aquatic conditions. The particle reactive Mn is rapidly removed
from the river water through flocculation by vigorous mixing or precipitation by
redox reactions (Morris and Bale, 1979; Klinkhammer and Bender, 1980; Safnudo-
Wilhelmy et al., 1996; Audry, 2015). While dissolved Mn is precipitated as a form
of Mn (hydr)oxides under oxic conditions, other dissolved elements such as particle
reactive LREEs and Co are also adsorbed to the surface of oxides (Du Laing et al.,
2009). During the precipitation, particulate Mn plays its role as a trace metal carrier
as it carries the dissolved trace metals away to the sediments. When Mn (hydr)oxides
reach the riverine sediments where oxygen is comparatively scarce, the oxides are
reduced, releasing Mn back to the dissolved phase. Other trace metals adsorbed on
the surface of oxides are also released in dissolved form during this process.

Through precipitation and redox reaction of Mn, the inhomogeneous vertical
water columns of dissolved Mn, Co, and LREE are formed, and they are likely to
result in various riverine endmember concentrations. The high volume of discharge
also explains the scattered distribution in October and July in the low-salinity region.
The average monthly discharge from the dam is shown in Table 7. October and July

had a comparatively large amount of discharge compared to the other months. The
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discharged river water in these months may contain not only the oxic surface waters
with removed trace metals but also waters near suboxic benthic sediments, which
may have a higher concentration of trace metals owing to desorption from Mn
(hydr)oxide, as the floodgate of the dam is kept open to keep the water level steady.

The profile of the elements and the LREE/HREE ratio showed a positive
correlation with increasing salinity in the mid to high-salinity region. Such trends
imply that the discharged water, which has already been fractionated, does not go
through significant changes. Concerning the scatter in the low-salinity region
converging and approaching the saltwater endmember concentration with increasing
salinity, the REE-salinity plot indicates that the physical mixing is the only
mechanism that governs the concentration of REEs once the water is discharged
(Figure 9).

Also, the discharge of suboxic water appears to account for the higher
concentration of LREEs in April and Mn in May. The LREE/HREE ratio in April
and May was higher than the mixing line. The distribution of both months suggests
that the river water discharged in May and April may contain suboxic water near

benthic sediments, containing regenerated trace metals and REEs.
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Figure 13. LREE/HREE ratio against salinities in the Nakdong River Estuary.
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Table 7. The sample collection date, discharge, and average discharge value of the Nakdong River

Estuary. The value of discharge is measured from the left bank drainage gate in the Nakdong River,

where the sampling station is located.

Disch Average Dischar Average
Sampling Date ['S‘j/arg]e Discharge Sampling Date [15‘;/“‘ g]e Discharge
1/ sec [ms/sec] 1/sec [ma/sec]

2014-10-23 1313.798 2015-04-21 602.405
925.495 584.1025

2014-10-24 537.192 2015-04-22 565.8

2014-11-24 77.686 2015-05-19 215.15
214.769 195.4605

2014-11-25 351.852 2015-05-20 175.771

2014-12-22 57.38 2015-07-15 658.648
57.0815 597.9495

2014-12-23 56.783 2015-07-16 537.251

2015-01-21 62.305 2015-08-26 457.66
67.988 385.0525

2015-01-22 73.671 2015-08-27 312.445
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4.2.2. Cd and Ni

The dissolved Cd and Ni profiles differed from the distribution of Mn, Co, and
LREEs (Figure 11). Dissolved Ni showed scattered concentrations in the low-salinity
region, which levels out and reaches the seawater endmember. The whole
mechanism of the variant vertical distribution of oxic-suboxic water appears to
explain the distribution of Ni, which also showed a wide range of concentrations in
the low-salinity region. The decrease in the range of dissolved Ni concentration with
increasing salinity and reaching the oceanic endmember reflects the physical mixing
between freshwater and seawater. On the other hand, the dissolved Cd-salinity plot
showed a positive correlation with a curve that concaved upwards. Previous studies
reported that Cd shows such a trend and has the highest concentration in the high-
salinity region by forming stable Cd-chloro complexes in the high-salinity region
(Comans and van Dijk, 1988; Hatje et al., 2003; Wang and Liu, 2003). The behavior
of Cd indicates that the element is more affected by the redox reaction after released

from the dam.

4.2.3. Fe

In this study, the concentration of Fe had a range of 4.6 - 230.2 nM, and
approximately 75% of them were below 50nM (Figure 11). The abrupt decrease of
dissolved Fe observed in the low-salinity region can be explained by the rapid
removal in an estuarine environment. Fe is a particle-reactive element that usually
exists in particulate form rather than dissolved form once introduced in estuaries.
Both field and experimental studies were conducted to determine the chemical
speciation of dissolved Fe and the removal mechanism of dissolved Fe in estuaries.

The drastic removal in the low-salinity region observed in earlier studies explains
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the phenomenon with flocculation by turbulent mixing, precipitation of Fe oxide-
organic matter colloids with seawater cations, and adsorption onto SPM and
sediments (Boyle et al., 1977; Klinkhammer and Bender, 1981; Sharp et al., 1982;
Byrd et al., 1990; Shiller and Boyle, 1991; Safiudo-Wilhelmy et al., 1996;
Takanayagi and Gobeil, 2000; Wang and Liu, 2003). The feature observed in this

study appears to be the result of removal by flocculation.

4.2.4. Mo, V, Cu, and Gd

The positive correlation of Mo and V with salinity results from conservative
mixing between freshwater and oceanic endmember. Seawater is known as the
primary source of both elements. Previous studies showed that Mo and V exist at
~105 nmol kg™ and 30-36 nmol kg ! respectively in the form of oxyanion in seawater
with long residence time, which indicates that the concentration of the elements is
constant in the ocean (Collier, 1984; Sohrin et al., 1989; Bruland & Lohan, 2003).
The seawater endmember in this study conforms well with the reported oceanic
concentrations. The dissolved V concentration in July and August were higher than
the conservative mixing line. Since the behavior of dissolved V in estuaries is not
standardized, former studies suggest that V may show higher concentration by
forming complexes with dissolved organic carbon (Emerson and Huested, 1991), the
vast amount of river water discharge (Caccia and Millero, 2003), or the intrusion of
oxygenated seawater (Wang and Safiudo-Wilhelmy, 2009). The mechanism which
governs the V concentration in Nakdong River Estuary remains unclear.

Conservative negative correlations with increasing salinity were observed in
dissolved Cu and Gd. Such trends can be interpreted as the result of stable

complexation. Cu is known to have a higher river endmember since it originates from
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riverine sources, including crustal rocks. The element shows strong complexation
with organic ligands, which can stay stable in the dissolved phase. Conservative
mixing happens in estuaries by diluting the stable organo-ligand complex as
saltwater mixes with the river water (Boyle et al., 1982; Shiller and Boyle, 1991;
Windom et al., 1996; Safiudo-Wilhelmy et al., 1996; Zwolsman et al., 1997). In this
study, Cu showed a high correlation with humic dissolved organic matters and
dissolved organic carbon (Figure 15).

Distinct from other MREE:s, dissolved Gd showed a conservative mixing trend,
similar to HREEs. Such a phenomenon seems to result from the additional input of
dissolved Gd by anthropogenic activities (Kulaksiz and Bau, 2007). The high
stability of Gd released from human activities owes to their chelation with ligands
such as Gd-DTPA and Gd-BT-DO3A to prevent adverse biological effect
(Kiinnemeyer et al., 2009; Rogosnitzky and Branch, 2016; Hatje et al., 2018). The

anthropogenic fraction of Gd is calculated in the following section.
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4.3. The Anthropogenic Fraction of Gd

Based on the assumption that the excess concentration of Gd stems only from
human activities, the fraction of natural and anthropogenic Gd is examined.
"Anthropogenic" and "Natural" Gd concentration which each of them has its origin
from anthropogenic activities and natural sources, were estimated by utilizing the

following equation (Figure 16):

[GdAnthropogenic] = [Gd] - [GdNatural] (5)

[Gd] is a term for measured dissolved Gd concentrations from the river. The

interpolated value [Gdnawri] can be estimated as follows:

[GdNatural] = Gdn" * [Gdpaas] (6)

Where Gdn® is calculated by equation (3) and [Gdpaas] is the Gd concentration of
PAAS (Taylor and Mclennan, 1985).

The monthly average concentrations and percentage of each Gdnawal and
Gdanthropogenic are calculated in Table 8. Figure 17 shows the average fraction of each
source per month. The Gd had its lowest concentration in May (23.93 nM) and the
highest in April (47.48 nM), and the anthropogenic input of Gd ranged from 39.7%
(July) to 67.9% (August) of measured Gd concentration. Both the concentration of
Gd and the fraction of Gd did not show a significant correlation with seasonal
variation nor the discharge from the dam. The result supports that anthropogenic Gd
is solely dependent on the amount of discharge by human activities, and it stays in a

dissolved form as the element by chelation with ligands.
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Figure 16. Schematic diagram of calculating anthropogenic and natural fraction in dissolved Gd.
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Table 8. Calculated values of monthly average anthropogenic and natural Gd concentrations and

their proportions.
Sampling Time Gd Gdnatural Gdanthropogenic Gdyatural Gdantnropogenic

[pM] [pM] [pM] [%] [%]
2014.10. 41.40 23.00 18.39 55.6 44.4
2014.11. 31.68 11.66 20.02 36.8 63.2
2014.12. 33.38 15.03 18.36 45.0 55.0
2015.01. 31.54 13.29 18.25 421 57.9
2015.04. 47.48 19.13 28.35 40.3 59.7
2015.05. 23.93 11.24 12.69 47.0 53.0
2015.07. 33.91 20.44 13.47 60.3 39.7
2015.08. 31.04 9.98 21.06 321 67.9
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Conclusion

The concentrations of dissolved REEs and trace metals (V, Mn, Fe, Co, Ni, Cu,
Cd, and Mo) were examined to investigate the process governing the distribution of
elements and influence of a dam that regulates the freshwater discharge throughout
the whole season in the Nakdong River Estuary, where sheds heavily urbanized cities
in Korea.

The REEs presented systematically changing conservative mixing trends with
two anomalous months (October and July). The varying distribution across the series
seems to result from different endmember of the REEs in the low-salinity region by
fractionation behavior. Particle-reactive LREEs appear to be more prone to the
geochemical reaction, which may cause the lower river water endmember. PAAS-
normalized values showed negative Ce anomaly by scavenging insoluble tetravalent
Ce and positive Gd anomaly by anthropogenic input.

The profile of dissolved Mn, Co, and LREEs showed a general increasing trend
against increasing salinity. October and July behaved anomalously with a wide range
of freshwater endmember. The LREE/HREE ratio suggests the scattered
concentration in the low-salinity region due to fractionation, which is likely to occur
before the discharge. The redox reaction of dissolved Mn and ad/desorption of other
elements onto Mn (hydr)oxide in surface water seems to govern the distribution of
Mn, Co, and LREEs. The large discharge of the inhomogeneous vertical water
column in October and July from the dam, including both oxic and suboxic water,
seems to cause a wide range of riverine endmember. The physical mixing between
each endmember accounts for the dissolved concentrations reaching the oceanic

endmember in the mid to high-salinity region.
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The profile of Ni can also be explained with the same mechanism with Mn and
other elements, while Cd showed an increasing trend, which appears to be the result
of complexation with chlorides in seawater. Fe showed an abrupt decrease in the
low-salinity region, which suggests the drastic removal by flocculation. Since Mo
and V originate from the ocean, they both showed a conservative increase, yet the
process which accounts for high dissolved V concentration in July and August is still
ambiguous. Cu and Gd both showed a stable negative correlation with increasing
salinities owing to complexation behavior with organic ligands and chelation,
respectively.

The fraction of natural and anthropogenic Gd was estimated by interpolating the
adjacent values. The calculated value implies that the anthropogenic Gd depends
solely on the input from the river, not released nor removed from the estuarine
environment. The trend of natural Gd with increasing salinity showed similar
behavior to other MREESs, but anthropogenic Gd remains dissolved in stable form
by chelating with ligands.

This study displays the distribution of dissolved REEs and trace metals, the
geochemical and physical mixing process that governs the behavior of elements, and
the influence of the dam in estuarine waters downstream throughout the whole
season. Further studies on riverine fluxes considering the regulated water flow might

be necessary for a deeper understanding of the global circulation of elements.
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