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Chapter 1. General introduction

I-1. Roles of trace metals in seawater
I-1-1. Roles for marine organism

Many trace metals in seawater play vital roles for marine microorganisms. They are involved in many enzymatic
processes, which show either synergetic or antagonistic interaction (e.g. Brand et al. 1986; Bruland et al. 1991;
Sunda and Huntsman, 1996). In addition, trace metals directly affect photosynthesis and respiration at the cellular
and ecosystem-level due to their involvement in the nitrogen cycle (Morel and Price 2003). Therefore, on a bigger
scale, trace metals may influence the marine carbon cycle. Of those, iron, manganese, cadmium, cobalt, copper,

and zinc (hereafter refer to Fe, Mn, Cd, Co, Cu, and Zn, respectively) are the focus of our discussion.

Fe is required in the electron transport processes and a host of numerous enzymes associated with photosynthesis
(Twining and Baines 2013; Raven et al. 1999). Moreover, Fe engages in carbon, nitrogen, and phosphorus
acquisition and assimilation by marine phytoplankton as a cofactor in enzymatically catalyzed steps (Morel and
Price 2003). Therefore low Fe has a pervasive effect on the productivity and ecology of the ocean because low Fe
concentration will limit N, fixation (Sunda and Huntsman 1995; Kustka et al. 2003). In the High-Nutrient Low-
Chlorophyll (HNLC) areas of the Southern Ocean (Nielsdottir et al. 2012; Boyd et al. 2000) and subarctic and
equatorial Pacific (Bruland et al. 2001; Martin and Fitzwater 1988), Fe plays a critical role in controlling the
phytoplankton primary productivity and microbial diversity.

Together with Fe, Cu serves as a cofactor in enzymes engaged in the cellular transformation and assimilation of
carbon, nitrogen, and phosphorus (Morel and Price 2003). Moreover, Cu is also required in electron transport
proteins and enzymes associated with photosynthesis (Raven et al. 1999; Peers and Price 2006). In addition, Cu
may replace Fe as micronutrients for diatom growth particularly in HNLC areas (Semeniuk et al. 2015; Maldonado
et al. 2006; Peers et al. 2005). However, high concentrations of Cu are toxic to several marine organisms (e.g.,
Sunda and Huntsman 2000) due to the changes in photosynthesis process (Knauert and Knauer 2008) and
oxidative damage within the phytoplankton cell (Lage et al. 2001). Like Fe and Cu, Zn is an essential element for
metabolic processes in marine phytoplankton, and plays a vital role in the various enzymatic processes including
electron transport during photosynthesis (Raven et al. 1999; Vallee and Auld 1990b; 1990a). The metalloprotein
roles of zinc include facilitating the acquisition of phosphorus via enzyme alkaline phosphate (Shaked et al. 2006),
uptake of carbon dioxide via enzyme carbonic anhydrase (Lane and Morel 2000a) and the Zn form of superoxide
dismutase (Zn-SOD). SOD destroys the reactive oxygen species (ROS) such as superoxide and hydroxyl radicals

at the site of production because these highly reactive ROS cannot diffuse across the cell membranes.

Manganese and cobalt are essential metals for phytoplankton growth. Most notably, Mn is associated with the
oxygen-evolving complex of photosystem II for splitting of water by photoautotrophs to supply electrons to the
reaction center of PS II (Raven at al. 1999; Sunda et al. 1983). Like Zn, Mn is also essential in the superoxide
dismutase (SOD) enzymes of marine diatoms (Wolfe-Simon et al. 2005). Cobalt is incorporated into vitamin B,

(Baars and Croot 2015a). Moreover, co-limitation of Co for phytoplankton growth with either Fe or N has been



reported in northeastern Pacific and south Atlantic while that of Mn has not been observed yet (Moore et al. 2013).
Unlike above-mentioned trace metals, the role of Cd in cellular biochemistry is remained unclear (Morel 2013).
Lane and Morel (2000b) identified the role of Cd as a co-factor in a Cd-specific carbonic anhydrase enzyme and
can substitute Zn in the diatom growth pathway (Lee and Morel 1995). In contrast, Horner et al. (2013) argued
that Cd is mistakenly taken by phytoplankton because they are unable to differentiate between Cd and other bio-

essential divalent metals.
I-1-2. Proxy for oceanic processes

In addition to their roles for marine microorganisms, some trace metals also act as proxies for ocean processes
including water circulation and mixing as well as anthropogenic perturbance in marine environments. Metals are
of greater potential interest as tracers because their distributions strongly reflect their presences, either at surface,
boundaries, or water column. Insights of the sources and transport pathways, therefore, are provided by their

distinctive signatures.

Trace metals like Fe and Mn have potentials as proxies for ocean processes such as remobilization from particles
and their lateral advection. Pronounced maxima of Fe and Mn are associated with the highly oxygen-deficient
condition in parts of the eastern North Pacific and Indian Oceans (Chinni et al. 2019; Grand et al. 2015; Kondo
and Moffett 2013; Nishioka et al. 2013; Saager et al. 1989; Martin et al. 1985; Martin and Knauer 1984). These
features are accounted for by regeneration of organic particulate matter and by lateral advection from sources at

the ocean margin.

Furthermore, the most well-known tracer for anthropogenic activities is probably lead (Pb) that provides insight
into the evolving pattern of human emission during the past decades and centuries (Boyle et al. 2014). Pb occurs
naturally at trace levels throughout the environment. However, anthropogenic activities such as the usage of leaded
gasoline and high-temperature industrial waste have injected Pb into the ocean’s surface. Therefore, the fate of
Pb in the open ocean reflects human footprint alteration upon the natural environment. Massive input of Pb from
high industrialized areas or late phase-out leaded-gasoline usage can be observed by its high concentrations in
surface water, as reported in Bay of Bengal and Arabian Sea (Echegoyen et al. 2014). Below the surface water,

scavenging will remove Pb immediately. Therefore Pb concentrations are very low in old-deep water.

I-2. Factors controlling distributions of trace metals in the seawater
I-2-1. Sources of trace metals

The large external source of dissolved trace metals in marine environments is a riverine system. A recent study
about copper isotopic composition (**Cu) in surface ocean has revealed it is riverine-sourced (Takano et al. 2014).
Similarly, the isotopic Pb ratio (***Pb/?*’Pb and 2°*Pb/2’Pb) from shallow waters of the north eastern Indian Ocean
emphasized the importance of river water in transporting dPb into the ocean (Lee et al. 2015). Moreover, the
mixing at the river—sea interface increases the concentrations of major seawater cations concomitantly. This
processes can lead to the aggregation of trace metals, well known as flocculation processes, and induce removal

of trace metals from the water column (Boyle et al. 1974; Sholkovitz 1978).



Atmospheric deposition also supplies trace metals into the surface ocean (e.g. Grand et al. 2015; Hatta et al. 2015;
Weisel et al. 1984; Buat-Menard and Chesselet 1979). During major dust events such as the Saharan dust from
Sahara Desert to the Mediterranean Sea and the Atlantic Ocean, Asian dust from the Gobi Desert to the East China
Sea and North Pacific Ocean, or dust and aerosol from highly polluted areas around South Asian nations during
northeast monsoon to Arabian Sea, the elevation of trace metals attributable to atmospheric inputs were reported
(Boyle et al. 2014; Gallon et al. 2011; Kaskaoutis et al. 2011; Hsu et al. 2010). However, due to relatively low
solubilities of atmospheric-derived trace metals (approximately 20 — 60% for trace metals including Fe, Mn, Pb,
Cd, Co, Cu, and Zn; Hsu et al. 2010), its contribution is relatively smaller than the riverine input in the region that
has massive riverine flux such as the northern Bay of Bengal (Lee et al. 2015; Grand et al. 2015). On the other
hand, in the region far from the vicinity of river input, atmospheric deposition could be the major supply of trace
metals in the surface ocean (Martin et al. 1989). Other external sources such as groundwater (e.g., Montlugon and
Safiudo-Wilhelmy 2001; Beck et al. 2009; Wang et al. 2019) and wastewater effluents (Beck et al. 2009), also
supply trace metals into the estuaries. Moreover, hydrothermal vents were also proved as the major source of trace
metals in the near-bottom water (e.g., Nishioka et al. 2013; Rijkenberg et al. 2014a; Kim et al. 2018). Trace metal
concentrations such as iron and manganese in these areas can be extremely higher than those of the surrounding
seawater. However, they rapidly precipitated either as iron sulfides or oxidized form Fe/Mn oxyhydroxides, and

deposited to the sediments over the mid-ocean ridges.

Upon settling to the surface sediments, trace metals can be recycled back into the dissolved phase which is source
to the deep ocean. In marine sediment, many trace metals are associated with the Mn/Fe oxyhydroxide phases
(Samanta et al. 2017; Chatterjee et al. 2007). Changes in sediment redox chemistry lead to reducing dissolution
or oxidative removal. As an example, dissolution of Mn/Fe oxyhydroxide occurs in the reducing sediment and
causes the extreme elevation of dissolved trace metals, not only dFe and dMn but also other associated metals

such as dissolved cobalt (dCo) (Lohan and Bruland 2008; Johnson et al. 1988; Shim et al. 2012).

Internal recycling within the ocean interior can also supply dissolved trace metals. In this manner, the trace metals
can undergo multiple cycles of assimilation into biogenic particulate materials within the surface water and be
released with depth due to the regeneration of biogenic particles. These processes are observed mainly for the

nutrient-type trace metals with relatively long residence time in seawater such as cadmium, zinc, and copper.
I-2-2. Removal processes

In section I-1, I have described the trace metals roles for marine organisms. As most of the trace metals in this
study has vital roles in sustaining the life of marine microorganism, active biological uptake can be accounted as
the major removal process, particularly in the surface ocean. Based on the culture studies, the uptake rate of trace
metals is usually proportional to its free-metal concentration available (Morel et al. 1979). Therefore, the content
of trace metals in phytoplankton reflects its biochemical demand and environmental availability. Furthermore, the
trace metal quota in phytoplankton can be assessed from analysis of individual cell or bulk particles assemblages
(Kuss and Kremling 1999; Collier and Edmond 1984; Cullen et al. 2003; Twining et al. 2019; 2003; Twining and
Baines 2013). The ratios of dissolved trace metals to macronutrients can also be used as an approach to determine
trace metal quota in phytoplankton since phytoplankton takes both trace metals and macronutrients actively (Lane

et al. 2009; Croot et al. 2011; Nishioka et al. 2011; Bruland and Franks 1983; Martin et al. 1989). In addition to
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the phytoplankton assimilation, the passive adsorption onto the wide variety of high-affinity surface sites of both
living and non-living particles will also remove trace metals from the surface waters. This passive removal is a
combined process of surface adsorption, followed by particle settling and termed as scavenging (Goldberg 1954).

DPb is an example of trace metals that are impacted by scavenging from surface water and buried in the sediment.

I-3. Distributions of trace metals in seawater

The distributions of dissolved trace metals in the open ocean have shown distinct patterns among the ocean basins
due to the diverse nature, external sources and both physical and chemical processes (Cid et al. 2011; Kim et al.
2015; Middag et al. 2015; Kondo et al. 2016; Middag et al. 2018; Singh et al. 2020). Generally, the patterns of the
trace metals in the open ocean region can be divided into several groups that reflect their chemical behaviors in
seawater. The first group includes trace metals that mimic major macronutrient distributions and are so-called
nutrient-type. The second group is trace metals that have strong interaction with particles, tend to be removed
from the water column and are called as scavenged-type. In addition, some trace metals also exhibited the
combination between nutrient and scavenged distribution patterns, and are so-called hybrid-type. The schematic

vertical profile for each type metals is provided in Fig. I-1.

I-3-1. Nutrient-type distribution

Trace metals with nutrient-type distributions such as dissolved cadmium and zinc are involved in the biogenic
particles. The cycle of these metals is mainly controlled by the biological uptake in the surface water, transport
out from surface water layer with biogenic sinking particles, followed by remineralization and oxidation in the
deeper depth. These processes result in the low concentrations in surface water and high concentrations in the
deep water. In addition, scavenging in the deep sea is considered low for these metals, thus their concentrations

increase along the flow path of deep water in the global oceans as the water age.

Dissolved zinc is perhaps the most striking example of trace metals that exhibits nutrient-type distribution. This
distribution was found consistently in the global ocean and demonstrated its strong correlation with the silicic acid
(Si), yielding a constant dZn/Si ratio of 0.05 nmol/uM (Bruland 1980; Kim et al. 2017; Saager et al. 1992; Vu and
Sohrin 2013). The tight correlation between dZn and Si allows the estimation of zinc concentrations from the
silicic acid distribution. As an example, silicic acid concentrations in the deepwater of the North Atlantic (20
umol/kg) increases by factor 10 in the deepwater of the North Pacific (200 pmol/kg). Similarly, dZn concentration
increases by factor 5 from 2 nmol/kg in the young waters of the North Atlantic to 10 nmol/kg in the old deep
waters found in the North Pacific (Bruland and Franks 1983; Bruland 1980; Martin et al. 1989; 1993).

Dissolved cadmium also shows the nutrient-type distribution in the ocean. In the surface waters, dCd are found in
very low concentrations <0.1 nmol/kg and reach ~1 nmol/kg in old deep waters (Mawji et al. 2015; Schlitzer et
al. 2018). A recent study of dCd isotopic ratios has shown that in situ biological uptake causes low dCd
concentrations in very surface ocean (Conway and John 2015a). DCd distribution resembles that of phosphate (P),
and both constituents have a strong linear relationship which results in a global dCd:P ratio of ~1.3 nmol/uM

across the ocean’s globe (Boyle 1988; Saager et al. 1992). This strong correlation between dCd and P further can
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be used to estimate dCd concentrations particularly in the ocean's deep waters. However, their relationship is not
entirely linear across the water column (Saager et al. 1992) and is well known to have a kink, a change in the
steepness of the slope particularly in the Atlantic Ocean at phosphate concentration ~1.5 uM (Middag et al. 2018).
The different regeneration length scale due to their different incorporation within the organism and the mixing
between water masses which carries different cadmium and phosphate preformed were responsible for the

deviation of Cd/P ratio of ~1.3 nmol/uM (Ryan Cloete et al. 2021; Roshan and DeVries 2021; Boyd et al. 2017).

I-3-2. Scavenged-type distribution

Unlike the nutrient-like type trace metals involved with the internal cycle of biologically derived particulate
materials, the scavenged-type metals have strong interaction with particles. The striking feature of the scavenged-
type metals is that their concentrations tend to be maximal near major sources such as rivers, atmospheric dust,
bottom sediment, and hydrothermal vents. Their concentrations decrease with the distance of the sources, and in

general, will also decrease vertically with the depth due to the continuous scavenging processes.

The dissolved lead profile provides a good illustration of trace metals with scavenged-type distributions in the
ocean. Naturally, dPb in the ocean exists at trace level. However, anthropogenic activities such as the usage of
leaded gasoline and high-temperature industrial waste inject Pb into the ocean’s surface. Therefore, dPb in surface
waters varied depending on the degree of transport of anthropogenic Pb. As an example, the surface water of the
Bay of Bengal shows the highest dPb concentration measured elsewhere and reflects the massive anthropogenic
dPb input through riverine system and atmospheric deposition (Echegoyen et al. 2014; Lee et al. 2015; Vu and
Sohrin 2013). On the other hand, the North Atlantic surface water receives less anthropogenic dPb due to the
earliest phase-out of leaded-gasoline and shows the lowest dPb values (Boyle et al. 2014). In the intermediate
zone, scavenging process on sinking particulate matter removes Pb from water column, and its concentration

remains constant throughout the bathypelagic zone.

Dissolved manganese (dMn) also shows the scavenged-type distribution in the ocean. DMn in water occurs
naturally as insoluble Mn oxides and as soluble ions. The latter is thermodynamically unstable, because the
presence of Mn-oxidizing bacteria accelerates the oxidation process to insoluble Mn oxides and soluble Mn is
scavenged from water column (Sunda and Huntsman 1994). On the other hand, dMn concentration is high in
surface waters as a result of photo reduction of Mn oxides (Sunda and Huntsman 1988; 1994), atmospheric input
as well as fluvial input. In the deep water, dMn concentrations are relatively uniform from 0.1 — 0.3 nmol/kg. The
low uniform Mn concentrations in deep water appear to be observed widely, most likely due to oxidative
scavenging reaction which precipitates dissolved Mn as Mn oxide particles (Saager et al. 1989; Statham et al.

1998).

Dissolved cobalt (dCo) is another metal that exhibits scavenged-type distribution. Different from dPb and dMn,
the presence of dCo in seawater mostly binds with so far unidentified ligand to form a strong Co-organic complex
(Saito and Moffett 2001). DCo is taken up by phytoplankton as micronutrients in surface water and regeneration
process enriches its concentration in-depth, but dCo is also prone to intense scavenging throughout the
mesopelagic ocean. Co-precipitation of dCo with manganese oxide (Saito and Moffett 2001) and oxidation of

Co(II) by manganese-oxidizing are the removal pathways of Co from water column (Moffett and Ho 1996).



I-3-3. Hybrid distribution

Some trace metals, such as dissolved iron (dFe) and copper (dCu) have distributions that are strongly influenced
by both recycling and relatively intense scavenging processes. In the surface waters of high-nutrient low-
chlorophyll regimes, dFe is depleted due to the usage of marine phytoplankton similar to nutrient-type elements
(Martin et al. 1993; Janssen et al. 2020). While in the areas of high dFe input, dFe can exhibit surface maxima
like the scavenged-type elements (Bruland et al. 1994). The concentrations of nutrient-type elements with
relatively long oceanic residence time, tend to increase in the deep water as water age. In contrast, the residence
time of iron in the deep water is shorter, estimated to be ~200 years (Bergquist and Boyle 2006) and its
concentration does not show increasing trend with the age of water mass. As an example, the vertical distribution
of dFe in the deepwater more than 2000 m depth showed relatively comparable values within three major ocean
basins (Landing and Bruland 1987; Martin et al. 1993; Saager et al. 1989). This feature is in marked contrast with

the macronutrients and nutrient-type trace metals.

In surface water, phytoplankton will take up dCu actively similar to the other nutrient-type metals such as dCd
and dZn. However, unlike dCd and dZn profiles that increase dramatically in the intermediate water and remain
constant in deep water, dCu gradually increases throughout the deep water column. Based on the isotopic
measurements, Takano et al. (2014) reported that continuous scavenging and sediment input processes controlled

the distribution of dissolved Cu in deep waters.

Nutrient-type Scavenged-type Hybrid-type
Concentration (nmol/kg) Concentration (nmol/kg) Concentration (nmol/kg)
E E E
= = =
a a a
[} [} <]
o o o

Figure. I-1. Schematic vertical profiles for each type of trace metals. Modified from (Bruland and Lohan 2003).



I-4. Research objectives

The distributions and behaviors of trace metals in marine environments are controlled by complex biogeochemical
processes. This study aims to reveal trace metal distributions in different marine environments and elucidate the

factors that govern their distributions.

For achieving these objectives, three different marine environments were selected, including Ariake Sea, eastern
Indian Ocean, and Bay of Bengal. The former is a semi-enclosed bay located near Kyushu Island, Japan. Ariake
Sea is a shallow semi-enclosed bay with the deepest part less than 100 m depth and covering roughly 1.700 square
kilometers area. The water exchange with the East China Sea (ECS) occurs through a narrow strait (approximately
6.5 km) located in the southwest of the bay. Several rivers flow down into the Ariake Sea transport freshwater as
well as pollutants from Kyushu Island into marine environment (Koriyama et al. 2011; Ghaffar et al. 2010). Ariake
Sea is well known for its seaweed culture and fishery products (Yagi et al. 2011). However, Ariake Sea is also
experiencing environmental degradation in recent years (Jia et al. 2018) including bottom water hypoxia,
phytoplankton bloom, seaweed discoloration (Yamaguchi et al., 2014). High suspended sediment concentration
was observed up to 5000 mg/L (Hiramatsu et al. 2005) due to the massive sediment transport up to 570 x 103
tons/year transported by inland rivers surrounding Ariak Sea (Don et al. 2007). The biogeochemical cycle of trace
metals in this area are influenced by semi-enclosed hydrogeomorphology, multiple fluvial inputs, water exchange
restriction, water-column stratification, and anthropogenic perturbation. Therefore, the first objective of this study
is to identify the main factors controlling the concentrations and distributions of dFe, dMn, dCu, and dCo in Ariake

Sea

The eastern Indian Ocean lies in one of the largest oceanic basins in the global ocean but remains under-studied
relative to other major ocean basins (Hood et al. 2009). Reliable trace metals data are still scarce in the eastern
Indian Ocean. Previous works in the east of Indian Ocean mostly focused on the upper 1000 m depth, such as US-
CLIVAR-CO2 Repeat Hydrography Program (Grand et al., 2015a, b) and GO-SHIP IO9N cruise (Twining et al.
2019). In addition, the works by Indian GEOTRACES (Chinni et al. 2019; Singh et al. 2020), Japan GEOTRACES
(Vu and Sohrin 2013) and other Japanese cruises (Kim et al., 2015; Obata et al., 2004) elucidated trace metals
biogeochemistry from full-depth water column in eastern Indian Ocean. Increasing the basin-scale data set
obviously will enhance our understanding of the biogeochemical cycling of trace metal, including their
distributions, sources, sinks, and internal cycling. Furthermore, previous studies have described the gradients of
physical and chemical conditions, leading to the unique character of each region across the eastern Indian Ocean.
In the northern part, the surface Bay of Bengal is characterized by elevated nutrient (including trace metals) supply
from the surrounding margin through the Ganga Brahmaputra river systems (Chinni et al. 2019; Twining et al.
2019; Lee et al. 2015; Grand et al. 2015). On the other hand, south of the equator show low nutrient concentrations
due to its limited supply (Baer et al. 2019). Hence, atmospheric deposition is a main source to supply trace metals
into the surface waters (Grand et al. 2015a; b). Despite these sources, both macronutrients and trace metals
(particularly dFe) in the eastern Indian Ocean are thought to be low except in the Bay of Bengal (Chinni et al.
2019; Twining et al. 2019; Grand et al. 2015; Kumar et al. 2004; Baer et al. 2019) and possibly become limiting
factors for the phytoplankton growth (Wiggert et al. 2006; Twining et al. 2019). Therefore, the second objective

of this study is to reveal the biogeochemical-driven processes that affect trace metal (including dFe, dMn, dPb,



dCd, dCu, and dZn) dynamics in seawater and to assess the potential of trace metals as primary limiting factors

for phytoplankton growth across the eastern Indian Ocean.

As the last study area, I focused on the Bay of Bengal. The strong influence of monsoonal variation characterizes
the climate of the Bay of Bengal. The semi-annual reversing monsoonal winds cause seasonal variation of
freshwater input from Indian subcontinent into the Bay of Bengal. The freshwater discharge reaches maxima
during southwest monsoon and minima during the northeast monsoon (Wyrtki 1961; Papa et al. 2012). Moreover,
those reversing winds also bring aerosol from different regions throughout the year, fluvial dissolved substances,
and suspended sediment load into Bay of Bengal (Wyrtki 1961; Milliman and Meade 1983; Rengarajan and Sarin
2004). Previous studies in the Bay of Bengal had focused on the spatial and temporal distributions of trace metals
(Vu and Sohrin 2013; Lee et al. 2015; Echegoyen et al. 2014; Chinni et al. 2019; Chinni and Singh 2021; Grand

et al. 2015a) to a certain extent.

Nonetheless, most of these studies were conducted during fall and spring intermonsoon or confined to < 1000 m
depth. The report of the trace metal biogeochemical processes during southwest monsoon was limited only for
dFe from two stations (21 and 22) during the GIO1 cruise (Chinni et al. 2019). Hence, the trace metal studies in
the Bay of Bengal during southwest monsoon are remained undocumented. Therefore, the last objective of this
study is to elucidate the biogeochemical-driven processes that affect trace metal (including dFe, dMn, dPb, dCd,
dCu, and dZn) distributions in the Bay of Bengal. To the best of my knowledge, this is the first report for the full-
depth trace metal distributions particularly for dCd, dCu, Mn, dZn, and dPb in the Bay of Bengal during the

southwest monsoon.



Chapter I1. Methodology

II-1. Analytical set up

This chapter describes the methodology in this study including analytical set up, instrument, and determination
procedures of trace metals in general. In addition, the details of clean sampling were described in “Materials and

methods” in each chapter.

Many of dissolved trace metals exist at sub-nanomolar levels in open ocean. The seawater samples are
contaminated easily on the research ship and in the laboratory. Therefore, it is crucial to use non-metals materials
that contact to the sample directly and eliminate the contaminants from external sources. Otherwise, the trace
metal concentrations would be overestimated. In this study, I applied clean technique for washing apparatus as
well as handling and analyzing the water samples. I also only used ultrahigh purity water and reagents for the
experiments. Ultrahigh purity water was obtained from a Milli-Q Gradient-A 10 (>18.8 Qm/cm, <2 ppb TOC).
Moreover, all of the apparatus were handled while wearing polyethylene gloves. Additionally, the sample transfer,
reagent preparation, and the preconcentration were carried out either in a class—1000 clean room at Marine
Inorganic Chemistry Laboratory, Atmosphere and Ocean Research Institute (AORI), The University of Tokyo,

Japan.
II-1-1. Apparatus and reagents

Niskin-X Teflon coated bottles (General Oceanic) were used to collect seawater samples during the cruises. A 0.2
um pore-size capsule filter (Akropak, Pall Industries) was used to filter seawater sample for subsampling. The
filtrates were then collected into low-density polyethylene (LDPE) bottles (Nalgene). Teflon beaker and quart
caps were used to UV-irradiate the seawater samples as this was a necessary process before preconcentration (Kim
et al., 2015a). A high-pressure mercury vapor lamp (UM-453B-A, USHIO) was used to irradiate the sample. The
chelating resin (NOBIAS CHELATE-PAT1F, Hitachi High Technology) that was packed in a Teflon column was
used to pre-concentrate the target metals and prepare trace metal-free seawater, respectively. Teflon tube, joint,

syringe, and a peristaltic pump (Ismatec, IDEX corporation) were also used to build the preconcentration system.

Trace metal grade reagents were used during the experiments, such as ultrapure 20% hydrochloric acid (HCI,
Tamapure AA-100, Tama Chemicals) to preserve the samples after filtration. I also used ultrapure 68% nitric acid
(HNOj;, Tamapure AA-100, Tama Chemicals), 30% acetic acid (CH;COOH, Tamapure AA-100, Tama
Chemicals) and 20% aqueous ammonia (NH3;, Tamapure AA-100, Tama Chemicals) during the analytical
experiments. Alkaline and neutral surfactants (MAO1 and MA02, Merck, respectively) and 36% hydrochloric acid
(HCI, JIS special grade, Wako Pure Chemical Industries) were used to wash plastic and Teflon materials, LDPE
bottles, and Niskin-X samplers. Methanol (99.8%, Wako Pure Chemical Industries), acetone (JIS special grade,
Wako Pure Chemical Industries), and ascorbic acid (Wako Pure Chemical Industries) were used to clean the
chelating resin column before use. Moreover, deionized water purified by Milli-Q Gradient-A 10 (Millipore) was
used to wash all apparatus as well as prepare reagents and solutions. Furthermore, standard solutions of target

metals (SPEX CertiPrep) and molybdenum (Cica-Merck) were used for making the calibration curve of target



metals and correcting molybdenum interference during the determination by high resolution — inductively coupled

plasma spectrometer (HR-ICP-MS).
I1-1-2. Cleaning procedures

e Niskin-X bottles were washed in three consecutive steps before the cruise. Firstly, the samplers were filled
with 3% of alkaline surfactant and left overnight. On the following day, the samplers were filled with 0.1 M
hydrochloric acid after alkaline surfactant was discarded, and left overnight. The last step was filling the
samplers with Milli Q water for overnight. The clean samplers were then carefully wrapped and packed with
plastic wrap and polyethylene bags for the cruise.

e Plastic materials were washed in four consecutive steps prior to use. The plastic apparatus including LDPE
bottles and micropipette tips were soaked overnight in 3% alkaline surfactant to remove the organic
contaminants. The 3 M hydrochloric that was prepared from concentrated reagent grade acid, was used to
soak the plastic materials for one night after alkaline surfactant was discarded. On the following day, the acid-
soaked materials were then filled with ultrapure 0.1 M hydrochloric acid before heated around 60 — 70 °C
and left overnight. After ultrapure acid was removed, the bottles were then filled with the Milli Q water,
heated, and left overnight.

e  Teflon beaker and quartz cap were also washed in four consecutive steps. However, 3% of neutral surfactant
was used as the initial step of cleaning processes. After soaked overnight in 3% neutral surfactant solution,
the beakers and caps were then soaked in 3 M hydrochloric acid for one night. The day after, I placed them
on well-cleaned glass beaker that filled with the ultrapure 6 M hydrochloric acid then heated at about 80 °C
for four hours and left overnight for cooling at room temperature. On the following day, the Teflon beakers
and quart caps were heated in Milli Q water at temperature 80 °C for four hours and left overnight.

e Nobias resin column; the new column was washed by several solutions in this following order: methanol,
acetone, ultrapure 2 M nitric acid that was prepared from concentrated acid, a mixture of 1M hydrochloric
acid and 1 x 102 M ascorbic acid (Sohrin et al. 2008), and Milli Q water as the last solution. For the closed
column, all of solutions were sent to the column with peristaltic pump at constant flow rate ~1.5 mL/min. For

the syringe type column, I allowed the solutions to pass the syringe by gravity during cleaning processes.

In addition, Milli Q water was used to rinse the Niskin-X bottle, plastic materials, Teflon beakers, and quartz caps
between each washing step. At the end of washing steps those apparatus were also rinse again with Milli Q water.
the clean plastic materials, beakers, and caps were dried and packed carefully with polyethylene bags. The

summary of washing processes for plastic materials, Teflon beaker, and quartz cap were provided in Figure II-1.
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Plastic Materials Teflon and quartz cap

1 Rinse with MQW 7 times

Y

Soak in 3% alkaline surfactant 3% neutral surfactant (MA02)
(MAO1) overnight Soak overnight
lRinse with MQW 7 times Rinse with MQW 7 times
\4
Soak in 3M Hydrochloric acid 3M Hydrochloric acid
Overnight Soak overnight
lRinse with MQW 7 times Rinse with MQW 7 times
\4
Heat in 0.1 M Hydrochloric acid Heat in 6 M Hydrochloric acid at
Left it Overnight 80 °C for4 h
Left it overnight

Rinse with MQW 7 times

v Rinse with MQW 7 times

Heat in MQW -
Left it overnight Heat in MQW at 80 °C for 4 hours
Left it overnight

\ 4

Rinse with MQW 7 times

v Rinse with MQW 7 times

Clean LDPE materials

\4

Clean Teflon and quartz cap

Figure. II-1. Schematic diagram of washing processes for plastic materials, Teflon beaker, and quartz cap.
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II-1-3. Preconcentration system

A manual preconcentration system was set up to pre-concentrate the metals using a chelating resin column and
remove the seawater matrix (Kondo et al. 2016). The chelating resin was packed in a Teflon tube, through which
seawater samples could be passed with a peristaltic pump. The preconcentration systems was constructed by
cleaned chelating resin, LDPE bottles, Teflon tubes, joints, syringe and a peristaltic pump. The peristaltic pump
was used to send the solutions including seawater samples into the chelating resin column and placed in a
cleanroom level 1000. While, Teflon syringe was used to elute the target metals from the resin from the opposite
direction of seawater sample flow. A schematic diagram of the preconcentration system was provided in Figure

II-2.

A

= [  Chelating resin | w=

column
‘ \ I pump

Peristaltic
.2 M HNO; waste
. MQW
. Buffer solution
. Seawater sample
. Buffer solution

L R e S

B

= | Chelating resin | ¢=

ﬁ] column
eluate I

Eluent
2 M HNO;

Figure II-2. Schematic diagram of the preconcentration system of trace metals. A: The process of cleaning,
conditioning, and loading the samples, and the numbers indicate the order of the solutions passing through the

column. B: The elution process.
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I1-1-4. Trace metal-free seawater preparation

In this study, the seawater sample from surface layer in the Pacific was used to prepare trace metal-free seawater.
The UV-irradiated seawater samples were then passed through the pre-cleaned chelating resin. The chelating resin
was packed in a syringe, through which the sample were able to pass by gravity. The Teflon beaker was used to
collect the filtrate before transferred into LDPE bottle. The trace metal-free seawater sample was acidified to pH
~1.8 by adding 20% ultrapure hydrochloric acid and stored for further analysis. The picture of seawater

purification system was provided in Figure II-3.

Figure II-3. Purification system of seawater using Nobias chelating resin syringe.
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I1-2. Analytical instrument
I1-2-1. High-resolution inductively coupled plasma mass spectrometer (HR-ICP-MS)

A high-resolution inductively coupled plasma mass spectrometer Element XR (Thermo Scientific Fisher) was
used to determine the trace metal concentrations in preconcentrated samples (Kondo et al. 2016). The operating
parameter for the measurements were provided in Table II-1. The calibration curves for each metal from standard
solution were used to calculate the trace metal concentrations. The examples of calibration curves for each trace

metal were provided in Figure 11-4.

Table II-1. HR-ICP-MS parameters for measurements of the seawater samples

Measurement condition of HR-ICP-MS

RF power 1200 W

Sampler cone Ni

Skimmer cone Ni

Nebulizer PFA C700d Savillex
Sample take-up rate 700 uL/min

Spray chamber PFA Teflon

Cool gas flow rate 16.6 L/min

Auxiliary gas flow rate 0.92 L/min

Sample gas flow rate 0.84 L/min

Nebulizer gas flow rate Daily optimized

Torch position Daily optimized

Lenses Daily optimized

Isotopes

Mo Low resolution R~600
Hicd, 2Cd Low resolution R~600
208pp Low resolution R~600
Mn Medium resolution R~4000
6Fe Medium resolution R~4000
$Cu Medium resolution R~4000
7Zn Medium resolution R~4000
Take-up time 30s

Sample time
Sample per peak
Analysis duration
Integration window
Search window

0.01 s (low resolution); 0.05 (medium resolution)
50 (low resolution); 20 (medium resolution)

2 minutes

80% (low resolution); 60% (medium resolution)
150% (low resolution); 50% (medium resolution)
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Figure II-4. Calibration curves of trace metals from standard solution for dissolved cadmium, copper, zinc, iron,

manganese, and lead (dCd, dCu, dZn, dFe, dMn, and dPb).
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I1-2-2. Ultraviolet (UV) irradiation

All samples were placed in the ultraviolet (UV) irradiation device before loading into preconcentration system.
Ice bath was used to place the Teflon beakers to prevent sample evaporation. To obtain the optimum irradiation
time, I used surface seawater from 5 m depth and changed the time of UV irradiation for 0, 20, 40, 60, and 80
minutes. The samples were put into the UV irradiation device, irradiated for 20 minutes and allowed to cool at
room temperature for 20 minutes. This step was repeated in order to achieve optimum irradiation time. A picture

of UV irradiation device is provided in Figure II-5.

UV lamp
mside

Seawater
samples

Cooling fan
Ice bath

Power switch

Figure II-5. The UV irradiation device including UV lamp, ice bath, cooling fan, and power switch.
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11I-3. Determination of trace metals
II-3-1. Optimization of UV irradiation time

Some trace metals, like Cu, in seawater strongly bind to the organic ligands, which may affect the determination
of trace metals in seawater. UV irradiations of seawater samples prior to the determination successfully break
down the complexation of trace metals with organic ligands (Achterberg et al. 2001; Milne et al. 2010; Kim et al.
2015; Rue and Bruland 1997). In this study, the irradiated surface water from 5 m depth at various irradiation
times were pre-concentrated using the chelating column. The trace metal concentrations in preconcentrated
samples then were measured using HR-ICP-MS, and the results are provided in Figure I1-6. Based on the Figure
II-6, the measured trace metal concentrations increased with increasing UV irradiation time and reached maxima
at 40 minutes for dCu and dZn; while dFe reached its maxima after 60 minutes of UV irradiation. After reached
the maxima, the trace metal concentrations remained relatively constant by the increased UV irradiation time.
Unlike other trace metals, dCd and dMn concentrations were not affected by the UV irradiation. Therefore, all

seawater samples were irradiated for 60 minutes before loaded into preconcentration system.
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Figure I1-6. Changes in trace metal concentrations in pre-concentrated seawater samples from 5 m depth due to

the different UV irradiation time.
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II-3-2. Preconcentration procedures

In this study I adapted the preconcentration procedures from a previous study by Kondo et al., (2016). Moreover,
prior to UV-irradiated sample load, the resin column was cleaned using 15 mL of 2 M nitric acid (Tamapure AA-
100), followed by 30 mL of Milli Q Water. Then, 40 mL of 0.05 M ammonium acetate buffer was passed through
the column for conditioning before the samples were loaded. After the seawater samples were loaded, the buffer
was passed through the column again to remove any remaining salts. The target metals were then eluted with 5
mL of 2 M nitric acid from the opposite direction of the sample flow. The concentration factor for each sample
was approximately 6, which was given by the ratio of the weight of the seawater preconcentrated by the resin to
the weight of the acid used for elution. All solutions were pumped through the resin at a constant flow rate of 3
mL/min, while the target metals were eluted from the column using a Teflon syringe. The flow rate was
approximately 1-1.5 mL/min. The preconcentration system used in this study had four parallel lines and could

process four samples simultaneously. One cycle of this preconcentration process took about 2 — 2.5 hours.
I1-3-3. Correction of the molybdenum interference

The presence of molybdenum (Mo) in seawater will interference with the measurement of cadmium (Cd) by HR-
ICP-MS. Therefore, the correction of the Mo interference on the Cd signal is necessary. During trace metal
measurements, molybdenum oxide ions (MoO") were also counted as the Cd signal. Several method can be used
in order to correct this interference. Wu and Boyle (1997) corrected the MoO™ interference by counting the ratio
of spiked samples for the two isotopes of the elements, and they calculated the Mo interference were 3% and 10%
of total counts at mass 110 and 114, respectively. However, this method is just applicable for isotope dilution
method. In this study, a set of Cd-free standard solutions for Mo were made for correcting the Mo interference
(Biller and Bruland 2012; Sohrin et al. 2008). The calibration slope and the sample *>Mo intensity were used for
correcting Cd counts of each sample individually, and the MoO" correction of Cd signal was ranged from 0.08%
to 0.16%. The production of Mo oxides caused by Cd-free standard solutions for Mo were indicated in Figure II-

7.

500

F N

o

o
1

300 -

N

o

o
1

y =0.0011x + 34.098
R?* = 0.9997

-

o

o
1

o

111 [MoO+] Intensity (cps)

0 100000 200000 300000 400000
Mo Intensity (cps)

Figure II-7. Production of Mo oxides by Cd-free standard solution for Mo during HR-ICP-MS measurements.
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II-3-4. Procedural blank, detection limit, analysis of reference samples, and recoveries

Procedural blank values for the analysis were determined using trace metal-free seawater that was purified using
chelating resin. The detection limit for HR-ICP-MS was calculated as three times the standard deviation for all
data set during measurements of the trace metal-free seawater sample. Moreover, using this method, reference
seawaters including GSC (2009 GEOTRACES coastal surface seawater), GSP (2009 GEOTRACES surface
seawater), and SAFe D2 were measured. The details of procedural blank results as well as reference sample

measurement results were provided in “Materials and methods” in each chapter.

Furthermore, recovery test was done to evaluate the resin column efficiency for collecting trace metals. The
recoveries of the trace metals were examined using Milli Q water that was spiked with standard solution of target
metals. The Milli Q water sample was initially added with 20% ultrapure hydrochloric acid to pH ~1.8 — 2 before
spiked with trace metals. Overall, more than 98% of target metals were quantitively recovered. The detailed

recovery test results were provided in “Materials and methods” in each chapter.
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Chapter I11. Biogeochemical dynamics of trace metals in the Ariake Sea

III-1. Introduction

The coastal area is a complex, highly dynamic system in which several processes change the biological and
chemical properties of the water in a relatively short period within a relatively small location. These changes are
frequently caused by input of anthropogenic nutrients and contamination through rivers and can drastically alter
their ecological and biological characteristics. Trace metals such as dissolved iron, manganese, copper, and cobalt
(hereafter refer as dFe, dMn, dCu, and dCo) are of concern because they are involved in many enzymatic reactions
to control and sustain marine microorganism function (Middag et al. 2013; Moore et al. 2013; Maldonado et al.
2006; Semeniuk et al. 2015; Baars and Croot 2015). Lack of iron in seawater will limit primary production even
though macronutrients are abundant, such as in the high nutrient low chlorophyll regions (Moore et al. 2013).
Meanwhile, high concentrations of copper are toxic to marine microorganisms (Sunda and Huntsman 2000).
Alongside iron and copper, cobalt are called as bioactive trace metals because their functions as the center of
metabolic enzyme reaction. Specifically, Co plays a crucial role in controlling phytoplankton growth and species
composition as the central metal of vitamin B12 (Baars and Croot 2015b). Furthermore, manganese is specifically

used in oxygen-evolving enzyme reactions (Sunda and Huntsman 1983).

Trace metals are mainly transported into the estuaries through the riverine system (e.g., Breuer et al. 1999; Oursel
et al. 2013). Other external sources such as groundwater (e.g., Montlugon and Safiudo-Wilhelmy 2001; Beck et
al. 2009; Wang et al. 2019), wastewater effluents (Beck et al. 2009), atmospheric deposition (e.g., Twining et al.
2019; Chinni et al. 2019; Grand et al. 2015; Grand et al. 2015; Grand et al. 2015), hydrothermal activity (Kim et
al. 2018), and anthropogenic activities (Achterberg et al. 1999; Breuer et al. 1999) also supply trace metals into
the estuaries. In addition, internal processes within the estuaries such as remobilization from benthic and
resuspended sediment (e.g., Tovar-Sanchez et al. 2004; Takata et al. 2010; Cheize et al. 2019) supplied trace
metals to seawater. On the other hand, biological activities (Sunda 1989), adsorption and incorporation into
particles (Chiffoleau et al. 1994), and flushing with ocean water (Sholkovitz et al. 1978; Breuer et al. 1999) remove

trace metals from water column.

During the mixing of fresh and sea waters, trace metal behavior varies according to metal and estuary. Moreover,
the distribution and behavior of dissolved trace metals reflect the complex dynamics of their environments.
Conservative behavior was reported for dCu in the Mississippi River estuary (Shim et al. 2012), the Yangtze River
estuary (Koshikawa et al. 2007), the Mersey estuary (Martino et al. 2002), the Gironde estuary (Kraepiel et al.
1997), and Rhone estuary (Elbaz-Poulichet et al. 1996). Contrary, release of dCu from suspended particulate
matter (SPM) enriched dCu concentration in the Loire estuary and North Biscay continental shelf (Waeles et al.
2004), the Mediterranean coastal area (Oursel et al. 2013), and the Ganga River estuary (Samanta and Dalai 2018).
Photolytic fluxes of dCu from resuspended coastal marine sediments are also significant sources of d-Cu in several
coastal marine sites from southeastern United States (Skrabal et al. 2018). The suspended particulate matter (SPM)
also desorbed dissolved cobalt (dCo) in the Sagami and Wakasa bay (Takata et al. 2010) and the Ganga River
estuary (Samanta and Dalai 2018). DMn showed non-conservative behavior in various estuaries that may be

attributed to addition from benthic source (Breuer et al. 1999), desorption from SPM (Shim et al. 2012), and input
20



from reduced sediment during the hypoxic condition (Ho et al. 2019) or removal from water column due to the
microbially mediated oxidation of Mn(II) to particulate form (Shiller and Stephens 2005). Dissolved iron (dFe),
on the other hand, showed non-conservative behavior with pronounced removal in various estuaries due to
flocculation processes and oxidation of soluble Fe(II) to particulate Fe(III) (Sholkovitz et al. 1978; Breuer et al.

1999; Shim et al. 2012; Joung and Shiller 2016).

In this chapter, I present dFe, dMn, dCu, and dCo concentration data from Ariake Sea, a shallow (20 m on average
depth) semi-enclosed embayment system near Kyushu Island, southern Japan. Ariake Sea has vital roles in
ecological and economic aspects but also facing environmental problems, as I mentioned in the Chapter I. In order
to understand the cycling of those metals, I combined data of the dissolved trace metals from river and seawater,
and explained their behaviors. In addition, I estimated the internal input within the embayment system and
revealed the estuarine supply of dCu. Finally I discussed the possible sources and mechanism which provide

robust evidence of intra-estuarine production of dCu.
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II1-2. Methods
II1-2-1. Study area and sampling

Sampling in Ariake Sea was conducted twice onboard T/S Kakuyo-Maru during May 18-20, 2015 and May 7-9,
2018 (No. 493 and 648 cruises) in Ariake Sea, Nagasaki Prefecture, Japan. The samples were collected during the
early summer period, starting from the coastal area towards the East China Sea (ECS). In addition, river water
samples from six major rivers around Ariake Sea, namely the Midori, Shira, Kikuchi, Yabe, Rokkaku, and
Chikugo Rivers, were also collected just before the 2018 cruise. Seawater samples from station G1 and G2 which
are located in ECS were also taken in August 2019 and later defined as seawater end-member. The sampling

stations are shown in Figure III-1.

33.2°N |

33°N

32.6°N

"Ocean Data View

130°E 130.2°E 130.4°E 130.6°E

©2019 ® 2018 A 2015

Figure III-1. Map of Ariake Sea surrounding Kyushu Island, Japan. Orange dots represent sampling stations from
the 2018 cruise in Ariake Sea and surrounding rivers. Green triangles represent the sampling stations from the

2015 cruise in Ariake Sea. Blue dots represent sampling stations in ECS that were taken in 2019.
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The carrousel multiple sampling system used in this study comprised of twelve 5 L acid-cleaned Ocean Test
Equipment (OTE) samplers equipped with external stainless-steel springs and CTD sensors (SBE-37, Sea Bird
Electronics Inc., USA). This system was used to collect water samples and record conductivity, temperature, and
pressure throughout the water column (Kim et al., 2018). The seawater samples were filtered through a 0.2 pm
pore size Acropak filter (Pall Industries) connected to the Teflon spigot via silicon tubing. The filtrate was
collected in 500 mL LDPE (Low Density Polyethylene) bottles and acidified to pH ~1.8 with 20% HCI (Tamapure
AA-100, Tama Chemicals) to avoid trace metal loss due to adsorption into the bottle walls. All trace metal

apparatuses, including sampling bottles, Acropak filter, tubing, and LDPE bottles were acid cleaned before use.

River water samples were collected from the surface waters of each river using an acid-cleaned polypropylene
beaker. The water samples were stored in 5 L acid-cleaned PE containers and filtered through a 0.2 pm pore-size
Acropak filter (Pall Industries) with a peristaltic pump at the sampling sites. LDPE bottles were used to collect
the filtrate, which was then acidified to pH ~1.8 with 20% HCI (Tamapure AA-100, Tama Chemicals). Both
seawater and river water samples were stored until further analysis at the Atmosphere and Ocean Research

Institute, The University of Tokyo, Japan.
III-2-2. Determination of trace metals
Dissolved Mn, Fe, and Cu

Concentrations of dMn, dFe, and dCu were determined using a method described in Chapter II. Furthermore, the
recoveries for each metal using this method was ~100%. The details of procedural blank values, detection limit,
and recovery are provided in Table III-1. Using this method, seawater consensus material GSC (2009
GEOTRACES coastal surface seawater) was also measured, and the results are provided in Table III-2. The
measured dissolved trace metal concentrations showed good agreement with their reported consensus values,
which confirmed the reliability of the data obtained in this study. The consensus values of these metals and other
trace metals in the seawater consensus material can be found in the GEOTRACES Standards and Intercalibration

website (http://www.geotraces.org/sic/intercalibrate-a-lab/standards-and-reference-materials).

Dissolved Co

Using the preconcentration system with the Nobias Chelate-PA1 (Hitachi, High-Tech) resin column, I could only
recover >80% of dCo from acidified MQW. Therefore, dCo concentration was measured using cathodic stripping
voltammetry (CSV). A 797 VA Computrace (Metrohm) voltammetric system with Ag/AgCl in 3 M KCI as the
reference electrode was used in this study. The method to determine the d-Co concentration was adapted from a
previous study by Vega and van den Berg (1997). Briefly, 10 mL of acidified and UV-irradiated seawater was
placed into a Teflon cell, followed by the addition of 35 pL of ultra-pure ammonia solution (20%, Tamapure AA-
100, Tama Chemical) and 200 pL of 4 M ammonia buffer to adjust the pH to 9.1. 25 uL of 0.1 M of nioxime was
also added into the sample to form a complex with Co in the seawater, followed by adding 1 mL of 5 M NaNO..
The 0.1 M nioxime solution was prepared by dissolution of nioxime (Wako, special grade) into a 0.25 M ultra-
pure ammonia solution, while the 5 M NaNO, was prepared by diluting sodium nitrite (99.999%, Sigma Aldrich)

in ultrapure water. The solution was then purified using a chelating resin (Nobias Chelate-PA1, Hitachi High-
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Tech). The voltammetric parameters were as follows: deposition potential -1 V, equilibration time 10 s, pulse time

0.01 s, voltage step 2.4 mV, voltage step time 0.1 s, sweep rate 0.025 V/s.

Calibration was conducted using standard addition into UV-irradiated seawater samples. The procedural blank
value was 10 = 0.5 pmol/kg (n = 7), and the detection limit was 1.5 pmol/kg, which was defined as three times
the deviation standard of blank measurements. A comparison with a previous study (Zheng et al., 2019) was
conducted to examine the reliability of the data obtained in this study. The seawater sample from the North Pacific
(station BD 07, 47° N, 160° E) taken during R.V. Hakuho Maru KH-12-4 cruise in 2012 was used for the
comparison. This result in the previous study was obtained using HR-ICP-MS (Zheng et al. 2019). The results

provided in Table III-3 were within the error range.
I11-2-3 Determination of macronutrients and chlorophyll-a

Seawater samples for chlorophyll-a analysis were immediately filtered through GF/F filters (Whatman).
Chlorophyll-a was extracted in 5 mL aliquots of N, N-dimethylformamide, stored at —20 °C for over 24 h and
analyzed using a fluorometer (10-AU, Turner Designs) by the non-acidification method. For nutrient analysis,
seawater samples were collected into 10-ml acrylic tubes and stored at —20 °C. The concentrations of nutrients
(indicated with square brackets: [NOs], [NOy], [NH4"], [Si(OH)4], and [PO4*"]) were determined using an auto-
analyzer (AACS 1V, BLTEC Japan). During the measurements, the certified reference materials were used for

nutrients (KANSO Lot. BU and CA in 2015, and Lot. CD and CJ in 2018).
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Table I1I-1. Procedural blank values and detection limits for each element determined using HR-ICP-MS (dMn, dFe, and dCu) and CSV (dCo). The detection limit is

calculated as 3 times the standard deviation of the procedural blank values.

Element Procedural blank and detection limit from trace metals-free seawater Recovery from acidified Milli Q Water
Procedural blank (nmol/kg) Limit detection Standard added Recovery (%)
n av + SD (nmol/kg) (nmol/kg) n av+ SD
Mn (55) 10 0.004 +0.001 0.003 20 6 99.7 + 4%
Fe (56) 10 0.076 + 0.019 0.057 19.6 6 104.4 +3%
Cu (63) 10 0.18 +0.03 0.09 17.5 6 103.4 + 3%
Co* 7 0.01 +0.0005 0.0015

*Procedural blank and detection limit from Milli Q Water for d-Co.

Table ITI-2. Measurements of reference seawater (GEOTRACES GSC) compared with their consensus values.

Element n  Measured value (nmol/kg)  Consensus value (nmol/kg)
Mn (55) 2 2.18+0.02 2.18+0.08
Fe (56) 2 1.54+£0.04 1.54+£0.12
Cu(63) 2 1.09 £ 0.04 1.09+0.15

n = number of replicates

Table III-3. Comparison of d-Co concentrations in the North Pacific

d-Co (pmol kg!)

Data origin 200 m 600 m 50 m
Zheng et al. (2019) by ICP-MS 58.4 33.6 83.4
This study 56.8+1.7 349+1.5 854+2.1
Replication (n) 3 3 3
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III-3. Results
II1-3-1. Hydrographic condition

Generally, the salinity throughout the water column showed similar patterns during both cruises (Figure I1I-2 and
III-3), which increased from the nearshore region towards the ECS. Moreover, the salinity variations in Ariake
Sea showed a more prominent freshwater intrusion during 2018 than 2015 cruise at the surface of the innermost
stations and station A1l due to tidal variability. The seawater samples from the innermost station were taken
during different tides conditions, low tide in 2018 and high tide in 2015. The variation in the water level during
the sampling period is provided in Figure I1I-4. During the 2018 observation, in the innermost station (C5), the
water density increased rapidly throughout the water column and formed local stratification between the surface
and deeper layer, which did not occur during the 2015 cruise (see T-S diagrams in Figure III-2 and III-3). In
addition, the bottom water was occupied by the “trapped high saline water” because of the restricted water mass
circulation (Yanagi and Abe 2005). Furthermore, the water temperature of the 2018 cruise was slightly lower than
that of the 2015 cruise. The decrease in temperature in 2018 corresponded with increases in DO concentration
and oxygen saturation. The 2D sections of hydrographic condition and T-S diagrams during 2015 and 2018 cruises
are provided in Figure I1I-2 and III-3, respectively.
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II1-3-2. Dissolved trace metals and macronutrients in Ariake Sea and rivers around Ariake Sea

Dissolved trace metal concentrations in the six major rivers around Ariake Sea and the annually averaged
discharge data for each river were provided in Table I1I-4. Moreover, the monthly fluxes of macronutrients and
trace metals from each river into Ariake Sea were estimated by considering the constituent concentrations and
discharge of each river and provided in Table III-4. In general, the concentrations of dissolved trace metals were
higher in river water than in seawater. The Chikugo River, which has prominent discharge, transported large
amounts of these metals into the bay, as seen in Table 11I-4. Because sampling was only conducted once per

summer season, the data in this study serves as a snapshot for a short time period.

Table III-4. Macronutrient, and dissolved trace metal concentrations in rivers flowing into Ariake Sea and their

monthly fluxes.

River name Chikugo Midori Shira Yabe Kikuchi ~ Rokkaku
Salinity (%o) 0.06 0.05 0.18 4.36 0.07 1.26
Annual averaged discharge (m®s™)* 95.09 36.17 25.39 21.54 39.56 4.36
[NOs7] 44.5 37.07 74.91 58.58 106.02 99.41
[NO2] 1.52 0.37 2.11 1.90 1.27 0.85
Macronutrients [NH41 6.2 1.01 5.81 14.22 1.90 1.58
concentrations (umol/L) [POs*] 0.84 0.43 1.88 291 2.72 4.16
[Si(OH)4] 173 285 29 121 152 239
DIN 46 38.4 82.8 74.7 109 102
[NOs7] 1x10% 4x10"? 5x10'2 3x10"2 1x10"3 1x10"
[NOy] 4x10" 3x101° 1x10" 1x10" 1x10" 1x10'
Monthly macronutrient [NH4'] 2x10"? 9x10'° 4x10" 8x10!! 2x10'" 2x10'°
fluxes (umol/month) [PO4] 2x10" 4x10'° 1x10" 2x10'" 3x10M 5x10%°
[Si(OH)s]  4x10" 3x101 2x10" 7x1012 2x10"3 3x102
DIN 1x1013 4x10'2 5x10'2 3x10'2 1x10%3 1x10'2
dMn 819 97.8 531.3 210 241.7 10.9
Dissolved trace metal dFe 1756 454 4314 79 1839 37.8
concentrations (nmol/kg) dCu 13 4.9 12.4 14 12.1 233
dCo 1.6 0.28 0.38 0.31 0.41 0.51
Monthly dissolved trace dMn 2x10' 9.2x10'>  3.5x10'3  1.2x103  2.5x10"  1.2x10'"
metals fluxes dFe 43x10"  4.2x10'3  2.8x10™ 4.4x10"?  1.9x10™  4.3x10"
(nmol/month) dCu 3.2x102  4.6x10'""  8.2x10'  7.8x10'  1.2x102  2.6x10"
dCo 3.9x10'1  2.6x10° 2.5x10° 1.8x10'°  4.2x10'°  5.8x10°

* The annually-averaged discharge data for each river was downloaded from the Water Information System of

the Ministry of Land, Infrastructure, Transport, and Tourism (http://www.river.go.jp/).
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The section distributions of trace metals in Ariake Sea are shown in Figure I1I-5 and III-6 for full range depth and
surface waters, respectively. Generally, the distributions of dMn, dCu, dFe, and dCo were higher in low-salinity
water and decreased with increasing salinity on both cruises. During the 2018 cruise, high dMn was observed at
the surface layer with low-salinity water at stations A14N and A11, but was not simply explained by riverine
input because the surface dMn in A14N was higher than that in C5 (see Figure III-6 B). Elevated dMn
concentration in station A14N was probably attributed to another source in addition to river input for example
regeneration of dMn from organic matter and supply from bay sediment (Rue et al. 1997; Johnson et al. 1992;

Roitz et al. 2002).

Dissolved Cu concentrations in Ariake Sea decreased with the increase in salinity during these two expeditions
(Figure III-5). The same pattern was reported in other estuarine areas, such as the Mediterranean coastal region
and the Danshuei River estuary (Oursel et al. 2014; Jiann et al. 2005). Vertical profiles of dCu showed that the
metal concentrations decreased with depth and increased slightly near the seafloor in the shallow stations (Figure
I11-7). Both dMn and dCu in shallow stations showed higher concentrations during the 2018 cruise than those in
2015. Meanwhile, comparable concentrations of dMn and dCu throughout the water column were observed at

deeper stations (A13, Al11, A9, and A7).

Similar to dMn and dCu, the dFe and dCo showed maxima in the shallow stations with low saline water in 2018
(Fig. III-5). The dFe concentration was lower in high-salinity waters, suggesting fluvial input as an important
source of this metal in Ariake Sea. The dFe concentrations ranged from 0.49 to 10.19 nmol/kg, which were lower
than those reported by Kim et al. (2018) in the embayment system close to Ariake Sea, Tachibana Bay (1.8-16.5
nmol/kg). A narrow cape separates Ariake Sea and Tachibana Bay, as seen in Figure III-1. The hydrothermal
activity was proposed to supply iron and cause the high iron concentration in Tachibana Bay (Takeda 2018; Kim
et al. 2018). Furthermore, dFe concentrations in Arike Sea also showed lower values that those in highly industrial
activities impacted coast such as Maé Harbor, ranged from 1.2 — 35 nmol/kg (Martinez-Soto et al. 2016) but
comparable to the less polluted area such as Majorca Bay in Mediterranean Sea that ranged from 5.5 - 12 nmol/kg

(Tovar-Sanchez et al. 2014).

The concentration of dCo ranged from 0.07 to 0.3 nmol/kg. These values are comparable to other estuarine areas,
for example, the Northern Gulf of Mexico, ranged from 0.11-to 0.65 nmol/kg (Shim et al., 2012), but much lower
than those in the Ganga River estuary, ranged from 3.5—to 172 nmol/kg (Samanta and Dalai 2018).
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The low surface salinities at stations C5 and A1l in 2018 cruise were attributable to the river’s inflow, which
increased concentrations of dissolved trace metals (particularly dMn and dCo), as shown in Figure I11-6 B. Indeed,
the Shira and Midori Rivers, which have high concentrations of dMn and dCo, flow into near of station All
(Figure III-1). This suggests local input may affect the salinity and the dissolved trace metal distributions. Previous
studies in the Mississippi coastal waters reported similar distributions and behavior of dMn (Ho et al. 2019). These
authors conveyed that in the nearshore surface waters of Mississippi Sound, fluvial input significantly influenced

the distribution of dMn due to its distinct inverse plots with salinity.

Similar to dissolved trace metals, all nutrients showed higher concentrations in river water than seawater. Nutrient
concentrations in river water during 2018 cruise are provided in Table I1I-4. Moreover, all nutrients in Ariake Sea
decreased toward the ECS and local maxima were observed in the innermost station (Figure III-8). Nutrient
concentrations throughout the water column decreased from their sources to the bayhead. Similar nutrient patterns
in Ariake Sea have been reported in previous studies (Hayami et al. 2019; Hayami and Fujii, 2018; Koriyama et

al., 2013; Hang et al., 2009).

[NOs7], [NO2], and [NH4"] concentrations in surface water around station C5 showed higher values during the
2018 cruise compared to those in the 2015 cruise (Figure III-8). Stronger stratification in the area in 2018
prevented the mixing of river water, leading to an influx of high-concentration macronutrients with seawater.
Conversely, a higher [NO,'] concentration was observed in the water column of Ariake Sea in 2015 than in 2018
(Figure I1I-8). During 2015, Ariake seawater was less oxygenated compared to 2018 (see Figure I1I-2 and III-3).
This condition leads to the reduction of [NOs] to form [NO,] and enrich its concentration in the water column
(e.g., Cline and Richards 1972; Fiissel et al. 2012). In addition, macronutrients and trace metals (dMn and dCu)
showed inverse pattern to chlorophyll-a in upper reaches of the Bay during both cruises (Figure III-5 and III-8).
Therefore phytoplankton uptake may also account for this differences of macronutrient and trace metal

distributions between the years.

Long-term nutrient observations in the inner Ariake Sea showed increasing patterns of DIN as well as [PO4>]
from 1991 to this recent study (Nakamura and Hirata 2006; Hang et al. 2009). On the other hand, [Si(OH)4]
concentrations were similar to the 2002 — 2004 observation by Nakamura and Hirata (2006). Similarly, the local
maxima of chlorophyll-a were observed in the innermost stations. In surface water of 2015, chlorophyll-a
concentrations were higher (ranged from 1.0-8.9 pg/L) compared with those in 2018 (ranged from 1.0-7.2 pg/L).
The chlorophyll-a concentrations in the inner Ariake Sea fluctuated from 1991 until recently. From 1991 to 2001,
the chlorophyll-a concentration in the surface layer ranged from 10 to 35 pg/L (Hang et al. 2009) and then
increased to 8.3-94.1 ug/L during observation in 2002-2004 (Nakamura and Hirata 2006).
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II1-4. Discussion

The results showed the gradients of both nutrients and dissolved trace metals during river transport into Ariake
Sea. Concentrations of all analyzed nutrients and trace metals in river water were higher than those in seawater.
These trends generally agree with the findings of previous studies in estuarine systems, for example, Samanta and
Dalai (2018), Gavriil and Angelidis (2005), and Breuer et al. (1999). In the following sections, the possible
biogeochemical cycle of dissolved trace metals during estuarine mixing, supply of dCu from possible sources into

the water column, and insight on dCo processes will be discussed.
I11-4-1. Relationship between dissolved trace metals and macronutrients with salinity in 2018 cruise

In this study, a simple mixing diagram of two end-members was used to analyze the behaviors of the
macronutrients and dissolved trace metals during estuarine mixing (Figure I11-9). The weighted average values,
which consider the constituent concentrations and discharge of the six major rivers were used as zero salinity end-

member and were calculated using equation (1).

2iRj [dTM];

[dTM]average = LK

(1

where [d-TM]; is the dissolved metal concentration in each river and R; represents the average annual water
discharge of each river. The dissolved trace metal concentrations at zero salinity were estimated as 491 nmol/kg
for dMn, 1655 nmol/kg for dFe, 11.7 nmol/kg for dCu, and 0.88 nmol/kg for dCo. The surface concentrations
(average of 5 m and 10 m) of all constituents from ECS (station G1 and G2) was used as seawater end-member.
Based on the simple mixing diagram in Figure III-9, all macronutrients showed non-conservative patterns relative
to the mixing line between river water and seawater. [NO3] and DIN (except for the station C5) concentrations
were plotted slightly below the mixing line, indicating nitrogen loss by phytoplankton uptake. Conversely, [NO],
[NHs"], [PO4*], and [Si(OH)4] were plotted above the mixing line, suggesting additional input of these
macronutrients in the water column. Regeneration from organic matter likely leads to [NH4"] enrichment in Ariake
Sea, as reported in previous studies by Takasu et al. (2019) and Komorita et al. (2015). Koriyama et al. (2013 and
2016) also reported the role of Ariake Sea sediment as a vital source of nitrite, ammonia, and phosphate during
the summer season. Nutrient flux from groundwater discharge in the bay may also add those macronutrients into

the water column, as reported before by Shiokawa et al. (2013) in Ariake Sea.
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For dissolved trace metals, dFe, dMn, and dCu showed non-conservative behaviors, and the points were located
either below or above the mixing line between river water and seawater end-members (Figure I11-9). On the other
hand, most of the dCo concentration points lay on the mixing line, which means conservative behavior because
there is little additional or removal and physical processes govern its distribution, or that the supply and removal

are almost equal.

The rapid removal of dFe throughout the water column is shown in Figure III-9. Silty clay mud covers the tidal
area of Ariake Sea (Don et al. 2007; Ghaffar et al. 2010). These fine-grained sediments (clay and silt) are
transported from the land into estuaries. In the estuary, this sediment becomes cohesive and forms floc aggregates
through flocculation (Winterwerp and van Kesteren, 2004). Flocs carry organic carbon such as humic substances,
nutrients, and even pollutants (Bauer and Bianchi 2011). It is well known that dFe is associated with dissolved
humic acid and they have a similar removal mechanism (Boyle et al. 1974; Sholkovitz et al. 1978). However,
flocculation processes occur in the low salinity region of less than 15 (Sholkovitz et al. 1978), which was not
observed in this study. At salinity >25, the remarkable inputs of Fe was not observed. Fe is supplied by sediments
as soluble Fe(II), but soluble Fe(I1) is rapidly oxidized and removed as particulate Fe oxyhydroxides in the well-
oxygenated water (Santana-Casiano et al. 2005). The well-oxygenated condition during sampling period promoted
the formations of particulate Mn oxides from the sediment, which is also well-known as dFe scavenger (Cheize

et al. 2019; Hollister et al. 2020).

Similar to dFe, dMn loss was also observed in this study area. The dMn concentration in oxygenated waters was
reported to be extremely low (Balzer 1982). However, reduction in sea-bed sediment and bacterial and chemical
degradation of particulate organic matter can increase dMn concentrations (Rue et al. 1997; Johnson et al. 1992;
Roitz et al. 2002). Manganese is expected to be supplied in the reduced form Mn (II). Soluble Mn (II) is then
oxidized to insoluble Mn oxides in oxic seawater and removed from water column. Unlike the oxidation of iron,
the oxidation of manganese is a microbially mediated process (Sunda and Huntsman 1987). In addition, the
stabilization of manganese by binding with organic ligand is considered to be trivial (Roitz and Bruland 1997).
Therefore sediment particles will immediately scavenge manganese from the water column (Roitz et al. 2002). In
Ariake Sea, Tabata et al. (2007) reported that the enrichment factor of Mn in sediments, based on the
concentrations of Mn and Al in the continental crust, was high (57.9). This result implies that Mn was largely

deposited at the surface sediments from interstitial waters and/or the water column.

In contrast to dFe and dMn, an upward deviation was observed relative to the mixing line for dCu, suggesting that
other sources enriched this metal in the water column. Moreover, the dCu distribution pattern during estuarine
mixing showed a similar trend to that of ammonia and phosphate. This indicates that a similar mechanism to those
macronutrients is also working on dCu. Sediment input, organic matter regeneration, groundwater discharge, and
benthic remobilization are possible sources of metals in estuarine areas, as pointed out in previous studies
(Chiffoleau et al. 1994; Carman et al. 2007; Trezzi et al. 2016; Little et al. 2017). Cu is associated with Mn oxides
but not with the Fe phase in Fe-Mn crust (Little et al. 2014). The supply of dCu to the water column might be
caused by the dissolution of Mn oxides in mildly reducing sediments. However, in this study, the enrichment of
dCu relative to the mixing line was observed, while enriched dMn was not. This implies that different processes

could control Cu and Mn behaviors during estuarine mixing. DCu in seawater is mostly complexed with organic
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ligands (Bigalke et al. 2010; Little et al. 2017), which would prevent its removal by particle scavenging.
Conversely, the complexation of Mn(II) with the organic ligand is inconsequential (Roitz and Bruland 1997),
which possibly induces relatively rapid removal of dMn rather than dCu. Moreover, the enrichment factor of Cu
(7.25) in the surface sediment of Ariake Sea was lower than that of Mn (57.9) (Tabata et al. 2007). The lower
enrichment factor of Cu than Mn indicated that Cu was less abundant than Mn in the surface sediment of Ariake

Sea, which supports the lower removal processes of dCu compared with that of dMn.

Association between dCo and dMn were also reported in previous studies in Sagami and Wakasa Bay, Japan
(Takata et al. 2010) and Seine estuary, France (Chiffoleau et al. 1994). However, in Ariake Sea they showed
different distribution patterns (Fig. III-5 and III-9). The gradual decrease of dCo distribution with salinity
compared to those of manganese, suggested Co was transported farther from the bay head before it was removed
by particulate scavenging and precipitation. This longer transport of dCo may be because of complexation with
organic ligands which stabilizes dissolved Co in the solution (Saito and Moffett 2001; Saito et al. 2005; Ellwood
et al. 2005; Yang and van den Berg 2009). By using the same conditions as those for dCo determination (addition
of 20 uM Nioxime) but without UV irradiation, the labile fraction of Co was determined from the Chikugo River
water sample, which was acidified and left for more than two years. The concentration of labile Co (Cojapitc) in the
Chikugo River was 0.66 nmol/kg, while the total dCo concentration was 1.6 nmol/kg. Couapilc reflects reactive Co
or a portion of Co weakly complexed with ligands. The Coiapile data indicated that in the Chikugo river waters,

more than 59% of dCo might be strongly complexed with organic ligands.

I detailed the relationship between nutrients and trace metals as a function of salinity in Figure III-10. DCu
exhibited the strongest correlation with salinity (R? = 0.75), followed by dCo (R? = 0.62), dFe (R = 0.47), and

dMn (R? = 0.44). Macronutrients showed a strong correlation with salinity (R? > 0.8).

Latitudinally, the concentration of macronutrients, trace metals, and chlorophyll-a decreased from the
northernmost station towards ECS (Figure I1I-10). This indicates that the bay mouth of Ariake Sea was the source
area of both metals and macronutrients. However, all constituents showed distinct decreasing trends. [NO>],
[NOj57], DIN, and phosphate showed increasing concentrations with an increase in salinity from 10 m depth to the
bottom waters in the southern stations from A13 to A7, which was not observed for silicate. This suggests the
additional inputs of N and phosphate probably from offshore region since high salinity waters occupied these

stations.

Unlike the macronutrients mentioned above, dissolved trace metal concentrations as a function of salinity showed
decreasing trends. However, increasing dMn concentrations were observed, especially at station A14N. It is well
known that dMn was immediately removed from the water column by the scavenging process, although supplies
from the estuary sediments could increase its concentration in the water column (Roitz et al., 2002; Cheize et al.
2019). Regeneration of dMn from organic matter and bay sediments under a well-oxygenated water column (as
shown in Figure III-3) may be responsible for the local elevation of dMn concentration in the overlying waters of

shallow stations (Hulthe et al. 1998; Kristensen et al. 1995).
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Figure III-10. Detailed plots of [NO;], [NOy], [NH4'], DIN, [PO4*], [Si(OH)4], dFe, dMn, dCu, dCo, and

chlorophyll-a as a function of salinity from 2018 cruise. The color dots represented the sampling stations.
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I11-4-2. Supplies of dissolved Cu

In this study, I calculated the trace metal fluxes from rivers into this embayment system under the assumption that
seasonal variation in river water d-metal concentration is sufficiently small. The total river discharge into Ariake
Sea from was adapted from Yanagi and Abe (2005). Total river discharge of 0.9 x 10° m*/month which includes
freshwater flux from nine main rivers and the estimation of small rivers around the bay was chosen based on the
average total river discharge in May from 1990 to 2000 (Yanagi and Abe 2005). Dissolved trace metal fluxes
supplied through the atmosphere were calculated from the aerosol deposition in the ECS (Hsu et al. 2010) because
Ariake Sea is located next to the ECS. The monthly estimated river and atmospheric inputs in the study area in
May are provided in Table III-5. Fluvial inputs had notable contributions to all dissolved trace metals, while

atmospheric inputs were almost negligible.

Table III-5. Estimated river and atmospheric input in Ariake Sea in May

Trace metal  River flux (nmol/month)  Aerosol precipitation flux of water-soluble

(this study) dissolved metals (nmol/month)
(Hsu et al. 2010)
dMn 4.4x 10" 6.8 x10"
dFe 1.5x 105 5.3x 10"
dCu 1.1x 108 1.3x 10"
dCo 7.9 x 10" 7.8 x 108

Table I11-6. Observed (C°) and extrapolated (C*) rivers end-member and internal estimated flux (Ig) of dCu into
the Ariake Sea

Total rivers flux (R) (m3/month) C° C* Ik RC?
(Yanagi and Abe 2005) (nmol/kg) (nmol/kg) (nmol/month) (nmol/month)
dCu 0.9 x 10° 11.7 30 1.6 x 101 1.1x 108

RCPriver flux of dCu into Ariake Sea
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Using the averaged trace metal concentrations in rivers, a simple mixing line between the rivers and seawater end-
members for all metals was described (see Figure I11-9), and indicated the removal of dFe and dMn, input for dCu,
and conservative behavior for dCo during estuarine mixing. Based on Boyle et al. (1974), the internal estimated
flux (Ig) can be calculated if salinity and metal concentration have a linear relationship. Among the trace metal
data, only dCu exhibited this linear relationship with salinity (Figure ITI-10). The internal estimated flux for dCu
represents input within the estuary due to the difference between observed and hypothetical concentrations from
linear mixing between the river and seawater end-members (Andreae et al. 1983). The internal estimated flux was

calculated using equation (2), as follows:

I = RC* — RC® = R(C* — C9) )

Where R is river inflow into the sea, C?is the actual river end-member concentration of the metals, and C* is
“effective” river water concentration. C* represents the hypothetical river end-member if conservative mixing
were occurring and was determined by extrapolating the intersection between metal concentration and salinity

from the seawater end-member (Boyle et al. 1974; Officer 1979; Andreae et al. 1983; Kaul and Froelich 1984).

Table I1I-6 shows the total river discharge (Yanagi and Abe 2005), C° (observed riverine end-member), C*
(“effective” river water concentration), and internal estimated flux of dCu. The Ig values were slightly higher than
those of the estimated fluvial input. This indicated that there was internal input of dCu within the embayment
system. This further explains the upward deviation of dCu relative to the mixing line. For this internal estimated
flux, sediment input, benthic remobilization, dissolution of suspended particulate matter, and groundwater
discharge may act as possible sources of these metals into the estuarine areas, as described in previous studies

(Chiffoleau et al. 1994; Carman et al. 2007; Trezzi et al. 2016; Little et al. 2017).

It has been previously reported that groundwater discharge can contribute significantly to dCu supplies in the
coastal area (Montlugon and Safiudo-Wilhelmy 2001). On the west coast of Ariake Sea, without the presence of
major rivers, groundwater discharge serves as an essential input for fresh water and macronutrients (Shiokawa et
al. 2013). Using the average flux of freshwater input from groundwater discharge in Ariake Sea (Shiokawa et al.
2013) and the highest dCu concentration found in groundwater (Leamond et al. 1992), the maximum estimated

groundwater-derived dCu input in Ariake Sea to be 1.2 x 10!2 nmol/month at most.

Photodissolution of copper from resuspended sediments is another possible source of dCu in Ariake Sea. It is well
known that dCu is highly complexed (>99%) by dissolved organic matter, which is potentially photoreactive
(Moffett and Zika 1988; Shank et al. 2006; Cottrell et al. 2014). Skrabal et al. (2018) calculated the
photoproduction rates of dCu from resuspended sediments from 13 intertidal coastal marine sites with varying
biogeochemical characteristics and anthropogenic impacts as 0.88 —46.1 nmol g! d''. Using this value, I estimated
the photolytic source of dCu in Ariake Sea. Assuming the process occurs over the well-mixed top 1 m of the water
column containing maximum suspended sediment of Ariake Sea (Hiramatsu et al. 2005), d-Cu fluxes of 1.1 x 10!!

—5.9 x 102 nmol/month were obtained.

Sediment also serves as a possible source of copper, aside from sources mentioned above. Organic compounds

are major carriers of dCu (e.g., Chester et al. 1988; Johnson et al. 1988; Vieira et al. 2019; Alagarsamy 2009). In
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Ariake Sea, both dCu and phosphate showed a similar enrichment pattern during estuarine mixing (see Figure III-
9). This suggests that dCu in the water column had the same origin as phosphate derived from the sediment.
Koriyama et al. (2013) estimated the phosphate release (Jpos) from Ariake Sea’s sediment during summer-autumn
ranged from 22 to 164 umol m? day! based on phosphate concentrations in porewaters. DCu fluxes from
sediments were estimated by multiplying the Jpo4 fluxes by the Cu:P ratio observed in phytoplankton ranged from
0.18 — 2.1 nmol/umol (Twining and Baines 2013). DCu flux for Ariake Sea derived this way ranged from 2.1 x
10" to 1.8 x 10" nmol/month.

Based on the estimation in Table III-7, atmospheric deposition and groundwater input contributed less than 10%
of the internal input of dCu in Ariake Sea while photoproduction of resuspended sediment accounts for less than
50% of dCu supplies. At the high end, the flux of dCu from sediments was larger than the internal flux estimated
from the simple mixing model. The highest sedimentary dCu flux may be overestimated given that they were

calculated from the highest sedimentary phosphate flux that occurred in August (Koriyama et al. 2013).

Table ITI-7. Estimated dCu input fluxes from possible sources in Ariake Sea

Estimated dCu input fluxes Flux (nmol/month)
Ig 1.6x 10"
Fsedimem 2.1x 1011* 1.8x 1013
Fphotodissolution 1.1x10"-59x 10"
Fatmospheric 1.3x 10"
Feroundwater 1.2x 10"

I = Internal estimated input

Fiediment = sedimentary input

Fphotodissolution = photodissolution of TSS input
Fatmospheric = atmospheric deposition input
Froundwater = groundwater input.
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II1-4-3. Contrast between Cu and Co in Ariake Sea

It has been reported that the behavior of dCu was similar to that of dCo in estuarine and coastal waters (Samanta
and Dalai 2018). Both of these metals can also complex with organic ligands which hinder their removal from the
water column by sorption onto particles (Bigalke et al. 2010; Little et al. 2017; Saito and Moffett 2001; Saito et
al. 2005; and see section I11.4.1 for Co-binding organic ligands in Ariake Sea). Similar mechanisms for dCu might
govern dCo distribution. The estimation of dCu fluxes from several possible sources were discussed in section
II1.4.2. Among those sources, the release from sediments was the largest source of dCu into Ariake Sea. Assuming
the sediment source was also important for dCo, the dCo fluxes from sediment was estimated similarly. DCo
fluxes was calculated as 1.1 x 10'°— 1.6 x 10'2nmol/month. The highest possible dCo flux was a magnitude larger

than the riverine flux.

However, when those metals were plotted as a function of salinity, dCo distribution appeared different from that
of dCu. The enrichment of dCo during estuarine mixing was not observed (see Figure III-9). Different processes
may be controlling the two metals' distributions. For example, remobilization of these metals from marine
sediments proceeded by different pathways due to their different carrier phases (Johnson et al. 1988). In the surface
sediment of Ariake Sea, Co concentrations were strongly correlated (R? > 0.6) with those of manganese and iron
(Figure 1II-11, data obtained from Tabata et al. (2007)), while Cu did not (R? < 0.1). This indicated that Co may
bind tightly to Fe or Mn oxyhydroxide in surface sediment. On the other hand, Cu was released continuously from
surface sediment and enriched in the water column since organic compounds were the main carrier phase of dCu
(Chester et al. 1988; Johnson et al. 1988; Alagarsamy 2009). During the early diagenetic process in the surface
sediments, both Cu and Co might be released from biogenic particles, but only Co was incorporated in the Fe or
Mn oxyhydroxide phases. As described in section I1I-4-1, Mn was removed in well-oxygenated water column,

which could also scavenge Co from the water column.

Contrasting dCu and dCo behaviors during estuarine mixing in Ariake Sea suggests that the balance between the
supply and removal of Co resulted in the apparently conservative behavior of dCo within the embayment system.
In Ariake Sea, the water column was well-oxygenated and led to this unique contrast between dCu and dCo.
However, this might be different in other estuarine system. By applying this approach in other estuarine areas, the

more detailed biogeochemical processes of dCo and dCu in estuarine regions can be elucidated.
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III-5. Conclusion

The results showed that the rivers around Ariake Sea have essential roles in affecting nutrients and trace metal in
the estuary because the river water transports an abundant amount of nutrients and trace metals from the land into
the marine ecosystem. The simple mixing model showed deviation relative to the mixing line between river water
and seawater end-members for dFe, dMn, and dCu. This indicates that their distributions were not simply
controlled by the physical mixing between rivers and ECS waters. The deviation of trace metal concentrations
relative to the mixing line suggested either removal or addition during estuarine mixing. Metal removal was
pronounced for dFe and dMn due to the scavenging process from the water column during estuarine mixing. The
upward deviation of dCu relative to the mixing line highlighted the importance of internal input within the
embayment system. Based on the estimation in this study, sedimentary flux from organic matter supplied more
dCu than other sources such as photodissolution of SPM, atmospheric deposition, and groundwater discharge.
The association between Co with Mn and Fe in Ariake’s sediment, limited sedimentary input of Co and explained
its conservative behavior during estuarine mixing. The schematic diagram of possible path for each metal from

river into Ariake Sea is provided in Figure I1I-12.
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Figure ITI-12. Schematic diagram of possible path for each trace metals into Ariake Sea. White arrows indicated the input of trace metals from possible sources, the yellow

balloons indicated estimated fluxes for all metals (river input and atmospheric deposition) and for dCu only (groundwater discharge, sediment input, and photodissolution of

SPM). Red arrows indicated removal particularly for dMn and and dFe. While the balance between input and removal governed dCo distribution in the water column.
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Chapter 1V. Biogeochemical dynamics of trace metals in the eastern Indian Ocean

IV-1. Introduction

Many trace metals in seawater play vital roles for the marine microorganism. They are involved in many
enzymatic processes, which show either synergetic or antagonistic interaction (e.g., Brand et al. 1986; Bruland et
al. 1991; Sunda and Huntsman, 1996). Their concentrations considerably depended on a distinct geological period
and reflected their biogeochemical evolution. In the modern ocean, trace metals are also related to many oceanic
processes such as biological uptake, regeneration of sinking organic matter, scavenging by particles, redox

reactions, hydrothermal activities, anthropogenic perturbation, and surface and deep-ocean circulation.

In the Indian Ocean, previous works (Saager et al. 1989, 1992; Morley et al., 1993) started trace metal studies in
the Arabian Sea and the southwest Indian Ocean. Several US cruises (Gosnell et al. 2012; Grand et al. 2015a,b,c;
Twining et al. 2019) and GEOTRACES cruises across the Indian Ocean provided us with more recent trace metal
data (Chinni et al. 2019; Singh et al. 2020; Echegoyen et al. 2014; Vu & Sohrin, 2013; Nishioka et al. 2013).
However, there have been fewer studies of trace metals in the eastern parts of the Indian Ocean. The works in the
east of Indian Ocean to date include US-CLIVAR-CO2 Repeat Hydrography Program (Grand et al. 2015a, b) and
GO-SHIP IO9N cruise (Twining et al. 2019) focused on the upper 1000 m depth, except works by Indian
GEOTRACES (Chinni et al. 2019), Japan GEOTRACES (Vu and Sohrin 2013) and other Japanese cruises (Kim
et al. 2015; Obata et al. 2004). Increasing the basin-scale trace metal dataset will obviously enhance our

biogeochemical understanding of the trace metal distributions, sources, sinks, and internal cycling.

Several studies highlighted the gradients on both physical and chemical properties in the eastern Indian Ocean. In
the northern part, the surface current system and seasonal monsoon strongly affect the environment of Bay of
Bengal. The southwest and northeast monsoon over the Bay of Bengal drives strongly reverse directional winds
throughout the year. Those monsoonal winds brought aerosols from different sources and deposited them at the
Bay of Bengal (Krishnamurti et al. 1998). Moreover, the warm water with low salinity occupies the surface waters
of the Bay of Bengal and causes water stratification (Shetye et al. 1996). The rivers supply a large amount of fresh
water (up to ~1.6 x 10'> m3) and suspended materials (up to ~2 x 10° tons/year) into the Bay of Bengal (Milliman
and Meade 1983; Milliman and Syvitski 1992; Robinson et al. 2007), corresponding to the abundant trace metal
supplies (Hossain et al. 2020; Srichandan et al. 2016). In addition, recent rapid industrialization and late phase-
out of leaded gasoline in South Asia and Southeast Asia nations caused a load of trace metals from anthropogenic
sources into the northeastern Indian Ocean (Obata et al. 2004; Rengarajan and Sarin 2004; Srinivas and Sarin

2013).

An equatorial current reverses direction flows eastward along the equator between 5°N — 5°S, during the transition
period between two monsoons (Wyrtki jet) will affect the surface water dynamic near the equator (Wyrtki 1983).
Further to the south, the westward flowing South Equatorial Current (SEC) near 15°S carries fresh water from the
Pacific through Indonesian Archipelago across the upper 300 m of the eastern Indian Ocean (Gordon et al. 1997).
This water movement is called as Indonesian Throughflow (ITF; Gordon and Fine, 1996). The dust input from

Australia and Southeast Asia contributes to non-negligible aeolian deposition of trace metals, particularly iron
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and aluminum, in the south of the equator (Grand et al. 2015c¢), which is indicated as an ascent of surface trace

metal concentrations.

Furthermore, in the intermediate depth between 200-1000 m, intense depletion of dissolved oxygen (DO) is a
prominent feature in the Bay of Bengal (Sarma et al. 2013; 2016). It has been reported a distinct distribution of
trace metals in oxygen minimum zone (OMZ) from other oceanic regions. The redox-sensitive elements showed
remarkable enrichment or loss at OMZ (Martin and Knauer 1984; Rue et al. 1997; Jacobs et al. 1987). In Arabian
Sea, the dFe and dMn concentrations increased dramatically at OMZ in intermediate water due to the horizontal
advection of Fe and Mn-rich water mass from continental shelf as well as organic matter regeneration (Nishioka
et al. 2013; Saager et al. 1989). Similar enrichments at OMZ of dFe and dMn were also reported in tropical
Atlantic Ocean (Bergquist and Boyle 2006) and northeast Pacific (Martin et al. 1985). In contrast, the decoupling
between dFe and apparent oxygen utilization (AOU) relationship in OMZ at the Bay of Bengal suggested dFe

supply was not solely determined by net input via organic matter remineralization (Grand et al. 2015).

For nutrient type metals such as dCd, dCu, and dZn, removal of those metals were observed at OMZ by the
formation of metal-sulfide particles (Haraldsson and Westerlund 1991; Jacobs et al. 1987), as estimated in North
Atlantic Ocean and Northeast Pacific (Janssen et al. 2014; Conway and John 2015b; 2015a). On the other hand,
in the northwestern Indian Ocean, none of those metals got affected by the reducing conditions prevailing in the

OMZ (Saager et al. 1992).

These prior observations left open questions about biogeochemical-driven processes that affect trace metal
dynamics in seawater across the eastern Indian Ocean. This study reported trace metal distributions including
dissolved iron, manganese, lead, cadmium, copper, and zinc (hereafter refer as dFe, dMn, dPb, dCd, dCu, and
dZn) from full-depth transect in the eastern Indian Ocean extending from the Bay of Bengal to the south of the
equator at 20°S. This study also explained the distribution of those metals concerning their sources, sinks, and

internal processes in the eastern Indian Ocean.

IV-2. Materials and methods
IV-2-1. Study area and sampling procedures

At total 9 stations, seawater samples were collected onboard R/V Hakuho-maru (KH-18-6 leg 2) from the 6™ of
November to the 3™ of December 2018 during fall intermonsoon. Fig. IV-1 shows the sampling stations during
this cruise. The samplings were carried out during the transition period from offshore of the Bay of Bengal around
17°N, continued southward to the equator, and finished at the southern part of the Indian Ocean at 20°S. Onto an
epoxy coated Al frame of CTD-CMS system that consists of CTD (Conductivity, Temperature, Depth) profiler
(SBE-37, Sea Bird Electronics Inc, USA), 12 L Teflon coated Niskin-X bottles (General Oceanics) were deployed.
The system was connected with a Vectran cable to measure the hydrographic parameters and collect seawater
samples (Obata et al. 2017). Before the cruise, the Niskin-X bottles were cleaned vigorously following the method
described in Chapter II.
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Immediately after getting on the board, the Niskin-X bottles were detached from the CTD frame and moved into
an area filled with clean air which passes through the HEPA filter for subsampling. The seawater was then filtered
through a 0.2 um Acropak filter (Pall Industries) connected to the Niskin-X Teflon spigot. The filtrate was
collected into 500 mL acid-cleaned low-density polyethylene (LDPE) bottles and acidified to pH ~1.8 with 20%
HCI (Tamapure AA-100). All trace metal apparatuses, including LDPE bottles, Acropak filter, tube connection,

were acid cleaned before use.

Furthermore, the surface mixed layer (SML) at each station was observed from CTD sensor data, and the mixed
layer depth (MLD) was estimated as the depth where a change from the surface oo of 0.2 kg/m?® has occurred
(Shetye et al. 1996). Vertical section profiles of temperature and salinity in the eastern Indian Ocean were
presented in Fig. IV-2. The Ocean Data View (ODV) software (Schlitzer 2021) was used to visualize the section

profiles as well as sampling stations.
IV-2-2. Determination of trace metals

The trace metal concentrations were determined following method described in Chapter II. Trace metal-free
seawater was used to determine procedural blank for the analysis. The procedural blank values, detection limits
(three times the standard deviation of the blank measurements), and recoveries for each metal were provided in
Table IV-1. Using this method, seawater consensus material GSP (2009 GEOTRACES surface seawater) and
SAFe D2 were measured (n = 2), and the trace metal concentrations were provided in Table IV-2. The obtained
values for all analyzed metals showed good agreement with the reported consensus values. The consensus values
for these metals and other trace metals in reference materials can be found in the GEOTARCES standard and

inter-calibration website (http://www.geotraces.org/sic/intercalibrate-a-lab/standards-and-referencematerials).

IV-2-3. Determination of macronutrients

Concentrations of macronutrients NOs™ (nitrate), NO;™ (nitrite), NHs; (ammonium), PO4> (phosphate, herein to be
referred to as P), and Si(OH)4 (silicic acid , herein to be referred to as Si) were determined following Armstrong

et al. (1967) using an autoanalyzer (AACS II or AACS III; Bran+Luebbe, Germany).
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Figure I'V-1. Sampling locations along KH-18-2 transect and schematic diagram of current and wind in the eastern

Indian Ocean. SEC: South Equatorial Current, ITF: Indonesian Throughflow. Yellow arrows denoted the wind

direction in the Bay of Bengal during fall intermonsoon, adapted from Yadav et al. (2021).
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Table IV-1. Procedural blank values and detection limits for each element were determined using ICP-MS. The detection limit is calculated as 3 times the standard deviation

of the procedural blank values.

Procedural blank and detection limit from trace metals-free seawater Recovery from acidified Milli Q Water
Procedural blank (nmol/kg) Limit detection Standard added Recovery (%)
Element n av £+ SD (nmol/kg) (nmol/kg) n av £+ SD
dFe (56) 8 0.05 +0.003 0.009 14.3 12 101 +6
dMn (55) 8 0.003 +£0.001 0.003 14.5 12 98+6
dPb (208) 8 0.00024 + 0.00008 0.0002 4.3 12 103+ 6
dCd (111) 8 0.0018 +0.0007 0.002 7.2 12 97+5
dCu(63) 8 0.04 +£0.02 0.06 13.5 12 101+7
dZn (66) 8 0.02 +0.01 0.03 13.6 12 101+7

n = number of replicates

Table I'V-2. Values for SAFe D2 and GEOTRACES intercalibration 2009 GSP sample for dCd, dMn, dFe, dCu, dZn, and dPb in this study.

Sample n dCd dMn dFe dCu dZn dPb
GSP This Study 2 0.002+0.0001  0.787 +0.001 0.159 +0.01 0.538 +0.04 0.069 +0.006  0.059 +0.01
Consensus value 0.002 £ 0.002 0.778 £ 0.034 0.155+0.045  0.574+0.053  0.030+0.052  0.062 + 0.005
SAFe D2  This study 2 1.00+£0.019 0.38 +0.01 0.950 + 0.04 24+0.13 7.49 +0.07 0.0253 +£0.0001
Consensus value 0.986 + 0.023 0.35+0.05 0.933+0.023 2.28+0.15 7.43+£0.25 0.0277 £ 0.0015

n = number of replicates.
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IV-3. Results
IV-3-1. Hydrographic setting and macronutrient distributions

The near-most coastal station showed the shallowest MLD, ~22 m. The MLD became deeper southward and
reached the deepest depth at station 5 in the equator (118 m) due to the effect of Wyrtki jet (Wyrtki 1983). In the

south of the equator, MLD shoals southward with average values as 30 m.

In surface water, low salinity waters (~32) covered the surface layer of the Bay of Bengal as a result of freshwater
input from the rivers surrounding (Fig. IV-4). These surface low salinity waters referred to as part of Bay of
Bengal Water (BBW) that penetrated up to 200 m depth at station 1 and became shallower southward. The low-
salinity surface water also supplied macronutrients particularly silicate (Fig. IV-4). In the Bay of Bengal, surface

silicate distributions showed an N-S gradient as the stations became further from the coast and vicinity of rivers.

On the equator (station 5), the eastward Wyrtki jet was observed, a typical current during the transition period
(Wyrtki 1983). The occurrence of Wyrtki jet was indicated by the occupation of high salinity water (>35.5) at the
surface water of station 5 (Fig. IV-4). This high salinity water covered the top 125 m water column at that station.
The west-flowing South Equatorial Current (SEC) carries the low-salinity waters of the Indonesian Throughflow
(ITF) at the surface area across the Indian Ocean (Gordon et al. 1997). These warm and relatively fresh waters are
referred to as part of Indonesian Throughflow Water (ITW; Fieux et al. 1994). In our transect, ITW was found
with a sharp salinity front (<34), extending from 12 °S to 5 °S and filling the upper 400 m of the water column
(Fig. IV-2 and IV-4). This front separated the monsoon-dominated regime of the northern Indian Ocean from
more typical subtropical stratification to the south. Moving southward, surface waters of stations at the southern

edge of our transect were occupied by relatively salty and cool waters (Fig. IV-2 and IV-4).

Across the eastern Indian Ocean, macronutrients were depleted in surface waters coincided with the high
chlorophyll-a fluorescence (see Supplementary Figure 1), indicating utilization by phytoplankton. At depth
between 139 and 318 m, the lowest dissolved oxygen concentration (oxygen minimum zone, OMZ) was observed.
The deepest OMZ was observed at station 1 at 318 m depth, shoaling southward to become <150 m depth around

the equator and deepening again to 272 m depth at the southern edge station.
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Figure IV-2. Vertical section profiles of temperature (°C), salinity, and dissolved oxygen (mL/L) along the
transect. The white solid lines indicated potential density anomalies of along ICW-NICW at 6y = 26.1 — 26.8
kg/m3 (You and Tomczak 1993). The stations indicated by the numbers on top of picture. The name of water mass
at different depth is indicated by its abbreviation (NICW: North Indian Central Water, ITW: Indonesian
Throughflow Water, IIW: Indonesian Intermediate Water, ICW: Indian Central Water, AAIW: Antarctic

Intermediate Water).
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Figure I'V-3. Vertical section profiles of macronutrients nitrate, phosphate and silicate (WM) along the transect.
The white solid lines indicated potential density anomalies of along ICW-NICW at 6o = 26.1 — 26.8 kg/m* (You
and Tomczak 1993). The stations indicated by the numbers on top of pictures. The name of water mass at different
depth is indicated by its abbreviation (NICW: North Indian Central Water, ITW: Indonesian Throughflow Water,
ITW: Indonesian Intermediate Water, ICW: Indian Central Water, AAIW: Antarctic Intermediate Water).
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Furthermore, the potential temperature and salinity data were used to identify the major water masses along the
occupied transect (Fig. IV-5). Two different origin water masses filled up the upper thermocline along the transect.
Subtropical-origin Indian Central Water (ICW; You and Tomczak 1993) dominated the thermocline of the
southernmost station between 300 — 600 m depth. On the other hand, Indonesian Throughflow Water (ITW; Fieux
et al. 1994), a tropical water mass derived from Pacific Ocean Central Water entering the Indian Ocean through
Indonesian Archipelago, was detected in the thermocline of station 8 (10 °S). Note that ITW was also referred to
as Australasian Mediterranean Water (AAMW; You & Tomczak, 1993). Here, the recent naming convention that
is more explicit in terms of its source origin was used to determine ICW. The mixing between ITW and ICW as
well as the flow path of ICW resulting the variations of T-S diagrams at thermocline along the transect (Shetye et
al. 1996; You and Tomczak 1993). Nitrate and phosphate concentrations within these intermediate waters

increased with depth and reached maxima up to 40.1 and 2.9 uM, respectively, at ~1000 m (Fig. IV-3).

Less saline Antarctic Intermediate Water (AAIW; You, 1998) occupied the lower intermediate depth (> 600 m).
Macronutrient silicate showed low concentrations attributable to the presence of AAIW (Fig. IV-3). However,
AAIW was observed only in station 10 since the equatorial current system blocks its progress into the northern
hemisphere. Indonesian Intermediate Water (ITW; You, 1998) also occupied the lower intermediate layer between
600 — 1300 m at Station 9. IIW is referred to as the deep manifestation of the Indonesian Throughflow (Talley
and Sprintall 2005), extending along the transect from 15°S to the northern edge station. In contrast to AAIW that
showed low silicate concentration (25 uM at 744 m depth), the ITW portion of SEC at station 9 is marked by a
subsurface maximum of silica (83.2 uM) at ~1000 m depth (Kumar and Li 1996; Talley and Sprintall 2005,
Supplementary Table 5). The Indian Deep Water (IDW) occupies the deepest depth from more than 2000 m
towards the bottom. IDW moves northward and is characterized by its low temperature (2 —4 °C) and high salinity
(34.8 — 35.8) (Tomczak and Godfrey 1994). IDW macronutrient concentrations were the highest observed,
particularly for silicate, with concentrations up to 154 uM. In contrast, nitrate and phosphate reached their maxima

at shallower depths than silicate at less than 2000 m.

Dissolved oxygen (DO) is another chemical property that can be used to identify the water masses together with
temperature and salinity. The key feature in dissolved oxygen distribution along the transect was a sharp gradient
of its concentration in the upper thermocline, where ICW is a dominant water mass. Furthermore, in the Indian
Ocean, dissolved oxygen is a powerful indicator for the relative age of Indian Central Water (ICW) (You and
Tomczak 1993). ICW is produced in the Subtropical convergence zone of the Indian Ocean sector. The jet-like
inflow of ITF and SEC transport ICW westward once it reaches 10 °S — 15 °S; ICW then enters the Northern
Hemisphere along the African coast via Somali Current during the southwest monsoon (You 1998; You and
Tomczak 1993). Some ICW retroflects eastward via Southwest Monsoon Current (SMC) and fills the Bay of
Bengal. The transport of ICW accompanied by a rapid fall in oxygen indicated rapid aging along the path. The
decrease in dissolved oxygen concentrations continues into the BoB, where it has been renamed as North Indian
Central Water (NICW; You and Tomczak, 1993). The poor ventilation of Bay of Bengal thermocline associated
with the strong stratification in the upper layer maintains this low level of dissolved oxygen throughout the year

(Sarma 2002).
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Figure IV-5. T-S diagram shows the identified water masses in all stations. Isopycnals, using potential density anomaly referenced to the surface (o), are shown as gray lines.

The color of the dots corresponds to the sampling stations. The name of water mass at different depth is indicated by its abbreviation (NICW: North Indian Central Water, I[TW:
Indonesian Throughflow Water, IIW: Indonesian Intermediate Water, ICW: Indian Central Water, AAIW: Antarctic Intermediate Water, BBW: Bay of Bengal Water).
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IV-3-2. Distribution of trace metals

The surface distributions from 10 m depth of dFe, dMn, dPb, dCd, dCu, and dZn across the eastern Indian Ocean
were provided in Fig. IV-4. Moreover, vertical profiles of dFe, dMn, dPb, dCd, dCu, and dZn concentrations in
all stations along KH-18-6 leg 2 transect are provided in Fig. IV-6 and IV-7, together with those for potential
temperature, salinity, dissolved oxygen, and potential density anomaly. Note the scale changes for temperature,
salinity, dPb, and dCd concentrations between Fig. IV-6 and IV-7. All the trace metals data are provided in
Supplementary Table 5.

At each station, dFe exhibited a hybrid-type depth distribution, as typical for iron in other basin areas (Rijkenberg
et al., 2014). Across the transect, dFe was relatively uniform at SML and characterized by a strong north-south
gradient at Bay of Bengal. The dFe concentration in SML was 0.38 + 0.03 nmol/kg at station 1 and decreased
rapidly across Bay of Bengal and equator. The SML dFe concentration was the lowest at stations south of equator
<0.02 nmol/kg. Sub-surface maxima coincided with a sharp gradient of dissolved oxygen concentrations. As an
example in station 2, between 300 and 750 m depth where dissolved oxygen contents were < 0.5 mL/L, dFe
concentration showed maxima 1 + 0.15 nmol/kg. A similar feature of subsurface maxima at OMZ was also
relatively high at Bay of Bengal in April and May during the early part of the southwest monsoon and showed
comparable dFe concentrations with this study (Chinni et al. 2019; Grand et al. 2015). On the other hand, at the
same depth range in station 10, where dissolved oxygen concentration was replete (> 4 mL/L), dFe were only 0.2
+ (0.14 nmol/kg. Below the intermediate maxima, dFe decreased gradually and showed relatively constant values
at deep water. However, at the near-bottom waters of station 1, the nearest shore station, dFe increased up to 1.57

nmol/kg.

DMn profiles displayed high surface concentration and rapid decrease of concentrations with depth at each station.
Within the SML, dMn concentration was the highest at station 1 up to 3.6 = 0.3 nmol/kg and decreased southward.
However, averaged concentrations of SML dMn at stations around equator were slightly lower (1.2 = 0.1 nmol/kg)
than stations south of equator (1.7 + 0.2 nmol/kg). Further to the deep water, dMn showed relatively constant
values (~0.2 nmol/kg) except at station 1 where I found a sudden increase in dMn concentration up to 2.2 nmol/kg

at near bottom sediment. This enrichment was also observed for dFe at the same location and similar depth.

Similar to dMn, dPb also showed a scavenged-type profile at each station. The dPb in SML portrayed a strong
southward decrease associated with its potentially aeolian-derived point sources. The highest SML dPb
concentrations 121 + 0.5 pmol/kg was found at station 1 and decreased southward to 37.5 + 32 pmol/kg at the
south end of this transect. DPb decreased continuously from SML to the intermediate depth and showed uniformly

low concentrations (< 10 pmol/kg) below 3000 m depth.

In contrast to dMn and dPb, nutrient-like profiles were observed for dCd, dCu, and dZn (Fig. IV-6 and IV-7) that
showed consistently low surface concentrations and increased concentrations at depth. Resemblances in the
vertical profiles of these metals were seen in all stations. However, there were differences among their
distributions, mainly in the magnitude of surface enrichment caused by aeolian and coastal-derived sources.
Subsurface minima of these nutrient-type metals together with dFe coincided with the peak of chlorophyll-a

fluorescence (Supplementary Fig. 1), indicated some parts of those metals were removed by biological utilization.
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Among those nutrient-type metals, dCd showed the most pronounced surface water depletion. DCd concentrations
were under the detection limit in the SML, except for stations 1 and 4 (0.03 + 0.01 nmol/kg and 0.02 nmol/kg
(n=1), respectively). A gradual increase of dCd was observed at intermediate depth, which coincided with the
phosphate increased and dissolved oxygen depletion. The broad intermediate maxima were observed between
1000 and 1500 m depth, ranging from 0.75 nmol/kg at station 10 to 1.04 nmol/kg at station 2. Below the

intermediate-peak, dCd concentrations are typically similar in deep and bottom waters ~ 0.7 nmol/kg.

The dCu in SML ranged from 2.0 + 0.2 nmol/kg at station 1, decreased to 1.0 = 0.3 nmol/kg at station 5, and
increased up to 1.7 = 0.8 nmol/kg at station 10 again. DCu concentration showed minima below the SML and
increased linearly with depth. DCu exhibited a maximum of 3.0 — 4.2 nmol/kg at around 3000 m depth, which
remained constant or increased slightly towards the bottom. DZn concentrations in SML showed a similar trend
to dCd and dCu. The averaged SML maxima (0.97 + 0.03 nmol/kg) was observed at station 1, decreased southward
and reached minima (0.15 + 0.07 nmol/kg) at station 8, slightly increased southward become 0.25 + 0.06 nmol/kg
at station 10. The broad maximum of dZn occurred at the deeper depth than of dCd, below 3000 m. At this depth,

dZn concentration ranged from 7.4 — 9.5 nmol/kg and increased slightly toward the bottom.
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Figure IV-6. The vertical profiles of potential temperature, salinity, dissolved oxygen, potential density anomaly, dFe, dMn, dPb, dCd, dCu, and dZn concentrations in station

1,2,3,4,5, 7, and 8 of the eastern Indian Ocean. Temperature and dissolved oxygen scales are provided on the top, while salinity and potential density anomaly are given at

the bottom. Note the scale changes for salinity, potential density anomaly, dPb and dCd concentrations.
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Figure IV-7. The vertical profiles of potential temperature, salinity, dissolved oxygen, potential density anomaly, dFe, dMn, dPb, dCd, dCu, and dZn in station 9, and 10 of the
eastern Indian Ocean. Temperature and dissolved oxygen scales are provided on the top, while salinity and potential density anomaly are given at the bottom. Note the scale
changes of dCu and dZn concentrations. The shaded depth intervals refers to the IIW, ICW, and AAIW that can be identified by their potential density anomaly; [IW at g =
27.25 - 27.52 kg/m3, ICW at op = 26.1 — 26.8 kg/m?, and AAIW at 6o = 27.2 — 27.4 kg/m* (Emery 2003; Talley and Sprintall 2005; You and Tomczak 1993).
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IV-4. Discussion
IV-4-1. The relationship between trace metals and macronutrients

Trace metals and phosphate

DCd. The different linear relationship between dCd and phosphate were in the water masses as seen in Fig. IV-8.
The name of each water mass was used for each regression line. The low concentration range represents samples
from surface waters with low dCd and phosphate values. Intriguingly, two different regression lines were observed
for ICW and NICW from thermocline between ~200 — 500 m depth along oo = 26.1 — 26.8 kg/m>. To a lesser
degree, data from 20° S to the equator produced a linear regression line in ICW (r>=0.87), and the relation can be
expressed as y = 0.31x — 0.12, where y represents dCd concentrations (in nmol/kg) and x represents phosphate
concentrations (uM). This obtained slope was close to the global ocean slope as 3.54 nmol/pmol (Janssen et al.
2020; Schlitzer et al. 2018). On the other hand, data obtained in the Bay of Bengal produced a steeper regression
namely in NICW, expressed as y = 0.64x — 0.96 (r>=0.69).

As mentioned in the result section, NICW is originally ICW that changes its properties due to long transport from
the origin in subtropical convergence zone of the Indian Ocean sector to the northern hemisphere (You and
Tomczak 1993). The most apparent difference between ICW and NICW is the oxygen content. While ICW is
oxygen repleted (> 0.6 mL/L), NICW is severely depleted in oxygen (< 0.6 mL/L). A previous study had modeled
the remineralization length-scale of particulate Cd and phosphate at the different oxygen conditions (Roshan and
DeVries 2021). At oxygen replete condition, dCd and phosphate relationship only depends on Cd-contained
sinking particles remineralization that occurs in the deeper depth than phosphate, ~350 and ~300 m for particulate
Cd and phosphate (Roshan and DeVries 2021), respectively. On the other hand, the oxygen-deficient conditions
deepen the injection of both Cd and phosphate into the dissolved pools at > 350 m depth. The different processes
might be related to the immobilization of dCd into cadmium sulfide particles (Conway and John 2015a; Janssen
et al. 2014) and/or slower remineralization of organic matter at low oxygen conditions. The slower rates of organic
matter regeneration can help to preserve particulate phosphate, rendering its particulate flux attenuation similar to
or even slightly less than that of Cd and result in the slightly deeper remineralization of particulate phosphate
(~400 m) relative to Cd (~450 m) (Roshan and DeVries 2021). The obtained data did not allow the evaluation of
remineralization depth of particulate Cd and phosphate directly, but support that dissolved oxygen condition may
affect the biogeochemical processes of both Cd and phosphate in the water column and cause the deviation from

the global trend of Cd-phosphate relationship.

In addition to the extreme oxygen condition that leads to the differences of dCd-P ratios, mixing between different
water masses from different origins with different preformed nutrient components and local processes may also
influence the slope of dCd-phosphate relationship in the water column. For example, AAIW has a slope of Cd-P
relationship of 0.53 nmol/uM at the formation region of AAIW (Sieber et al. 2019) in the north of Antarctic Polar
Front (APF) at 60°S (Sallée et al. 2010). As AAIW flows northward, it enters the eastern Indian Ocean from
southwestern Australia, advected westward to the western Indian Ocean with SEC then recirculated with the
subtropical gyre with Agulhas Current (You 1998). The slope change along the trajectory of AAIW to become
0.49 nmol/uM in eastern Indian Ocean (this study), 0.41 nmol/uM in western Indian Ocean (Vu and Sohrin 2013),
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and 0.34 nmol/pM in Indian sector of the Southern Ocean (Cloete et al. 2021), respectively. The interaction
between AAIW with other water masses such as ICW and IIW at intermediate depth and the northward-flowing
IDW at deeper depth (You 1998) as well as the influence of local processes along its pathway may be responsible
for the changing of dCd-P relationship's slopes.

DZn. Overall, the obtained data showed a curvilinear relationship between dZn and phosphate and exhibited a
kink at phosphate concentrations >2.5 uM between 300 — 750 m (Fig. IV-8). Previous studies in the Indian Sector
of the Southern Ocean, South Atlantic, and North Pacific have already shown this distinct kink in the dZn-
phosphate relationship at phosphate concentrations 1.5 — 2.5 uM (Cloete et al. 2021; Kim et al. 2017; Wyatt et al.
2014). The mechanism to explain these apparent kinks is still under debate due to the paucity of Zn data. To date,
Cloete, et al. (2021) suggested that the kink in dZn-P relationship occurs due to the different regeneration length
scales for particulate Zn and phosphate in the water column. Regeneration of particulate Zn occurs slower than
those of phosphate (Boyd et al. 2017; Cloete et al. 2021) as a result of their different liability due to the specific
physiological association of zinc and phosphorus within the cell. Therefore, the depths at which dZn reached their
greatest enrichment were deeper than the intermediate depth maxima displayed by phosphate distributions in this

study and other open oceans (Bruland 1980; Middag et al. 2018; Quay et al. 2015).

Furthermore, the average dZn:P ratio in ICW-NICW (892 uM/M) showed the lowest value compared to those of
other water masses such as AAIW (1956 uM/M), IIW (1559 uM/M), and IDW (2990 pM/M), respectively.
Interestingly, only at ICW-NICW dZn and phosphate showed a strong positive relationship (r*= 0.79), and the
relationship can be expressed as y=1.01x + 0.3 where y represents dZn concentrations (in nmol/kg) and x represent
phosphate concentrations (in pM). Intense regeneration of particulate Zn probably occurs not in intermediate

depth but in the deeper depth, as the underlying AAIW and IIW showed higher dZn:P ratios than ICW-NICW.

DFe. DFe versus phosphate plot allows the evaluation of different biogeochemical processes that drive dFe
distribution. Except for station 1, dFe concentrations increased along ICW-NICW (Fig. IV-9). The highest
concentrations exceeded 1 nmol/kg at the OMZ of stations 2 and 3. Moreover, dFe was also correlated linearly (12
= 0.7) with phosphate along ICW-NICW and the relationship can be expressed as y = 0.4x — 0.23 where y
represents dFe concentrations (in nmol/kg) and x represent phosphate concentrations (in uM) as seen in Fig. IV-
8. This suggests that supplied dFe by regeneration of biogenic particles exceeded scavenging in the low oxygen
water of NICW. Upon closer inspection, the data points from NICW showed scatter and plot above the dFe and P
linear trendline. The decoupling between dFe and phosphate in the NICW may suggest that other inputs unrelated
to the remineralization processes supply dFe particularly at Bay of Bengal (Chinni et al. 2019; Grand et al. 2015).

The decoupling between dFe and phosphate was also observed at their section distribution below 2000 m depth,
where dFe were lower in south than north of the equator, while phosphate concentrations were relatively constant
(Fig. IV-2 and 1V-9). Moreover, dFe and phosphate plot for IDW also showed these decoupling, where both
constituents were not correlated (Fig. IV-8). Particle scavenging and limited supply may be responsible for the
low dFe concentrations in deep water south of the equator. On the other hand, supply from external sources may
enrich dFe in the north. A detailed discussion about the possible sources of dFe other than the regeneration of

biogenic sinking particles is provided in section [V-4-2.
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DMn. Data from ICW-NICW showed liner correlation (r> = 0.51) between dMn and phosphate and the
relationship can be expressed as y = 0.19x + 0.05 where y represents dMn concentrations (in nmol/kg) and x
represent phosphate concentrations (in pM) as seen in Fig. IV-8. This implies remineralization processes supply
dMn into the water column. Moreover, the data from NICW were plotted above the linear trendline suggested an
additional supply of dMn relative to phosphate. Since the dMn-P relationship along ICW-NICW showed a
similarity with dFe vs P plot, similar mechanisms may govern their distribution including potential sources

unrelated to remineralization at NICW.

In the deepwater below 2000 m, dMn concentrations showed relatively uniform values from 0.1 — 0.3 nmol/kg.
The low uniform Mn concentrations in deep water appear to be observed widely, most likely due to oxidative
scavenging reaction which precipitates dissolved Mn as Mn oxide particles (e.g., Saager et al. 1989; Statham et
al. 1998). However, at the near-bottom water of station 1, dMn concentrations were extremely elevated up to 2.17
nmol/kg (Fig. IV-9) and fell entirely outside the ranges of the dMn-P plot for IDW. Slight elevation (0.4 nmol/kg)
was also observed at around 2500 m of station 4 (Fig. IV-9). These dMn elevations coincided with the increase
of dFe concentrations, suggesting their similar additional sources. A detailed discussion about possible sources of

dMn will be discussed at section IV-4-3.

DCu. DCu and phosphate showed weak (r* = 0.2) correlation along ICW-NICW, and the relationship can be
expresses as y = 0.31x + 0.05 where y represents dCu concentrations (in nmol/kg) and x represent phosphate
concentrations (in M) as seen in Fig. IV-8. This suggests that the distribution of dCu in thermocline is not solely
determined by biogenic particles regeneration processes (Zheng et al. 2020). In addition, most of the data are
below the linear trendline of dCu and P relationship, indicating the removal of dCu from the water column possibly

due to scavenging onto particulate (Little et al. 2017; Takano et al. 2014).

In the intermediate and deep water, dCu concentrations increased continuously while phosphate concentration
remained constant. The slower remineralization length scale of Cu relative to phosphate results in the deeper
release of dCu from particulate than phosphate (Boyd et al. 2017); moreover, continuous supply from benthic
sediment and reverse scavenging results in the gradual increase of dCu concentration toward the bottom water
(Little et al. 2013; Wong et al. 2021). These reasons are probably responsible for the decoupling between dCu and

P relationship.
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Figure IV-8. Plots of trace metals versus phosphate in this study. The color dots and lines indicate the different
water masses and regression lines. The trace metals-phosphate ratios defined as the slope regression between trace

metals and phosphate for various water masses.
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Figure IV-9. Vertical section profiles of dFe, dMn, dPb, dCd, dCu, and dZn across the eastern [O. The white solid
lines indicated potential density anomalies of along ICW-NICW at 68 = 26.1 — 26.8 kg/m3 (You and Tomczak
1993). The stations indicated by the numbers on top of pictures. The name of water mass at different depth is
indicated by its abbreviation (NICW: North Indian Central Water, ITW: Indonesian Throughflow Water, ITW:
Indonesian Intermediate Water, ICW: Indian Central Water, AAIW: Antarctic Intermediate Water).
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Trace metals and silicate

Throughout the eastern Indian Ocean, a positive relationship was observed between dCu and silicate in waters
shallower than 1500 m (Fig. IV-10). Excluding the dCu and silicate concentrations in the SML, the relationship
between dCu and silicate in upper 1500 m can be expressed by y = 0.013x + 0.69 (r>= 0.64), where y represents
dCu concentrations (in nmol/kg) and x represents silicate concentrations (in uM). This pattern was also observed
in the western Indian Ocean (Vu and Sohrin 2013). The positive relationship between dCu and silicate above 1500
m in the western Indian Ocean can be expressed by y = 0.013x + 0.74 with r>= 0.66 (Vu and Sohrin 2013). In
deep waters, dCu concentrations increased rapidly relative to silicate concentrations indicated the additional
sources of dCu in the deep ocean. Benthic supply from marine sediments (Takano et al. 2014; Wong et al. 2021)

as well as reversible scavenging (Little et al. 2013) are sources of dCu in the deep ocean.

A strong dZn-silicate relationship (r* = 0.96) was observed across the eastern Indian Ocean (Fig. IV-9) and the
relationship can be expressed as y = 0.0.52x + 0.29, where y represents dZn concentrations (in nmol/kg) and x
represents silicate concentrations (in uM). This obtained slope was in good agreement with that reported in a
previous study of the northeastern Indian Ocean at station NR-1 (0.052) (Kim et al. 2015). However, it is slightly
lower than the values of 0.064 reported in the western Indian Ocean (Vu and Sohrin 2013), 0.059 in the southern
Indian Ocean (Gosnell et al. 2012), and 0.062 in the northwestern 10 (Saager et al. 1992). The gentler slopes in

the eastern Indian Ocean indicated that dZn is relatively depleted than silicate.
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Figure IV-10. Plots of dCu, and dZn versus silicate in this study. The color dots indicate the different water

masses.
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1V-4-2. External sources of dFe

The distribution of dFe in the water column reflects the influence of its sources and sinks. DFe supplied from
continentally-derived sources, including fluvial and aeolian inputs, release of dFe (II) under reducing conditions,
and diffusion out from oxic sediment. These sources are hereafter referred to as external sources. Apart from those
external sources, remineralization and release of dFe from organic settling particles (hereafter referred to as
internal sources) also elevated its concentration in the water column. DFe pool then represents a sum of Fe from

internal and external sources under the assumption that the effect of scavenging is relatively small.

To evaluate the contribution of dFe from external sources into the dFe pool, we used a Fe* tracer (Nishioka et al.

2011; Nishioka and Obata 2017). Fe* tracer can be calculated using equation 1.
Fe* = dFe supplied from external sources = [dFe]observed — [PO4> Jobserved X Rre:p (eq. 1)

Where [dFe]opserved and [POs* Jopserved are the dFe and phosphate concentrations in seawater observed in this study,
while Rrep is the ratio of dFe to phosphate. A large variation in Rre.p exists depending on the methodology to
determine Rr..pand regional differences in dFe concentrations. In this study, Rre.p (0.17 nmol/pM) was determined
as a regression slope from data at OMZ between 100 and 1000 m depth of station 9 (15 °S) where the strongest
positive correlation was found between dFe and phosphate, [dFe](nmol/kg) = 0.17[phosphate](uM) + 0.027; 12 =
0.9 (Supplementary Fig. 2). The Rge.p value used in this study is lower than those of previous studies in Indian
Ocean of 0.26 nmol/puM (Chinni et al. 2019), subarctic Pacific Ocean of 0.26 nmol/uM (Nishioka and Obata 2017),
and west Atlantic Ocean of 0.33 (Rijkenberg et al. 2014a). Although our Rre.p is relatively low compared to those
of previous studies, a tight correlation between dFe and phosphate in intermediate waters of station 9 where we

determined the Rr..p value, may suggest the modest influence of dFe from external sources.

Using Rrep of 0.17, high values of Fe* indicated high external dFe input and vice versa. A section plot of Fe*
was provided in Fig. IV-11. A section plot of Fe* showed a remarkable front at the south of the equator (5 °S) that
separated the low Fe* value region at the south with higher Fe* values at the north of the front (with the exception
of station 1). The combination of limited supply from either riverine system or atmospheric deposition and intense
scavenging probably accounts for lower Fe* at the south of the equator than those at north of equator. Section
distribution of Fe* was also shown the low values at station 1 SML, the near most station to coastal line. At that
station, dFe concentrations were also low in SML. Complete utilization by phytoplankton and intense scavenging
due to the high sediment load from rivers surrounding may be responsible for the low Fe* and dFe concentrations
at that station. Furthermore, the low Fe* values were also observed in the Antarctic-origin water masses. The
general pattern of Antarctic-origin water masses generally agreed with models derived estimates of Fe* by Parekh
etal. (2005), Bergquist and Boyle (2006), Rijkenberg et al. (2014). The Antarctic-origin water masses are deficient
in dFe relative to phosphate due to the limited input from upwelling processes and low dust supply in its formation

region at the Southern Ocean (Rijkenberg et al. 2014b; Parekh et al. 2005).

Contrary, north of the equator, high Fe* was dominant in the water column. In the thermocline, particularly in
NICW, high Fe* was detected starting from station 4 (5 °N) further to the north coincided with the subsurface dFe
maxima up to 1.21 nmol/kg low dissolved oxygen level < 0.5 mL/L. Chinni et al. (2019) also reported high Fe*

values at NICW. In addition, the subsurface dFe maxima at OMZ were also reported in the Arabian Sea (Nishioka
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et al. 2013; Saager et al. 1989) accompanied with the increase of Fe(Il) (Kondo and Moffett 2013; Moffett et al.
2007), which indicated additional supply of dFe (II) in reducing condition. However, it may not the case in this
study area, since other metals did not show remarkable features at OMZ such as drastic increase of dMn (Saageret
al. 1989) or removal of dCd, dCu, and dZn (Conway and John 2015a; Janssen et al. 2014; Haraldsson and
Westerlund 1991; Jacobs et al. 1987). Thus, the emergence of high Fe* in NICW probably arose from dFe inputs
due to high particulate supplies from the continental shelves, and subsequent degradation of particles at oxic

conditions.

High Fe* values were also encountered in IDW, below 2000 m depth at stations 1 and 4, coinciding with the
elevation of both dFe and dMn concentrations suggesting a similar input from external sources. At station 1, the
high dFe and dMn were found near the bottom sediment, less than 50 m from the seabed. Therefore, the supply
from mildly reducing sediment may account for high dFe and dMn and result in high Fe* values. In addition,
station 4, where dFe and dMn concentrations were elevated, located neither in the vicinity of the river nor bottom
sediment. However, that point is located close to the shelf ridge, as seen in Fig. IV-1. Resuspension of the shelf
sediments and lateral transport through deep water movement may cause the high concentrations of dFe and dMn

in station 4 at around 2000 m depth.
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Figure I'V-11. Section plot of Fe* tracer along our transect in the Eastern Indian Ocean. The white solid lines indicated potential density anomalies of along ICW-NICW at o
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Throughflow Water, IIW: Indonesian Intermediate Water, ICW: Indian Central Water, AAIW: Antarctic Intermediate Water).

75



IV-4-3. Dissolved Pb distribution in the deeper water

In contrast to other metals, dPb distribution below the SML is likely influenced by its pervasive nature. DPb was
scavenged rapidly from surface maxima due to its short residence time of ~2 years (Obata et al. 2004) and depicted
a scavenged profile. However, elevated dPb concentration was observed at ~1000 m for station 10 (~15 pmol/kg)
relative to its northern stations (<5 pmol/kg) in the vicinity of salinity minimum attributable to the presence of
AAIW (Fig. IV-7). High Pb concentrations due to the presence of AAIW were also observed in the western Indian
Ocean (Echegoyen et al. 2014). Considering the residence time of Pb in intermediate and deep water about 17
years (Obata et al. 2004), the slight elevation of dPb due to the intrusion of AAIW implies that dPb supply to the

surface waters of AAIW formation region ~17 years ago were relatively higher than it now.

In the near-bottom water of stations around equator, dPb concentrations were very low <I- 5 pmol/kg (Fig. IV-
9) probably due to the long time water mass transport and simultanecous removal onto sinking particulate matter
and oceanic boundaries (Bacon et al. 1976; Craig et al. 1973; Haine et al. 1998). These low dPb content in bottom
water were found globally, as it also observed in the western Indian Ocean (Echegoyen et al. 2014), North Atlantic

Ocean (Boyle et al. 2014), and East Pacific Ocean (Boyle et al. 2020).

IV-4-4.Transport of Fe to surface mixed layers across the eastern Indian Ocean

Based on the previous results from the incubation experiment, the eastern Indian Ocean was experiencing the N-
limitation during spring intermonsoon (Twining et al. 2019). This study tried to investigate the nutrient status and
Fe transport to the surface mixed layers across the eastern Indian Ocean during fall intermonsoon. In surface
waters, phytoplankton will utilize dFe together with macronutrients such as DIN to sustain their growth. Our DIN
concentrations in the surface waters across the transect are consistently below the detection limit. The detection
limit for DIN determination was < 0.14 uM, suggesting that the possible DIN concentrations in the surface mixed
layer were about 0.14 uM at most. Based on the cellular Fe:N ratio of 0.02 — 0.04 nmol/umol (Twining et al.
2019), the phytoplankton needs 0.003 — 0.006 nmol/kg dFe to consume DIN entirely. The dFe concentrations
were higher than 0.01 nmol/kg across the transect (except at station 8), implying that dFe was replete relative to

DIN.

The observed changes in salinity profiles across the Bay of Bengal demarcated distinct regimes; the northern part
(stations 1 and 2) was strongly stratified, as seen in Fig. IV-12. In the northern Bay of Bengal, the relatively high
dFe and dPb concentrations coincided with the low surface salinity less than 33. The Ganga Brahmaputra river is
a primary freshwater source in the Bay of Bengal (Milliman and Meade 1983) and might have influenced the two
northern stations due to their proximity to the Ganga river estuary. Earlier study about 2°°Pb/2’Pb and 2**Pb/?*’Pb
ratios have identified that the Ganga Brahmaputra river plume contributed to the inventory of dPb in the Bay of
Bengal (Lee et al. 2015). Grand et al. (2015) also surmised that riverine input in the northern Bay of Bengal is
more important in supplying dAl and dFe.
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Fig. IV-12. Vertical profiles of salinity, potential density anomaly, DIN, dFe, dMn, and dPb concentrations across

the eastern Indian Ocean. The grey shaded areas indicate the surface mixed layer.
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Furthermore, the northern Bay of Bengal also receives massive sediment input from Ganga Brahmaputra
(Milliman and Meade 1983). In marine sediment, trace metals are frequently associated with iron and manganese
hydroxides. Changes in redox chemistry near the sediment-water interface can lead to reductive dissolution or
oxidation of these phases. Riverine sediment and particles in the Bay of Bengal have been shown to release a large
amount of dissolved trace metals, including Fe, Al, Cu, Co, and Ni (e.g., Singh et al. 2020; Chinni et al. 2019;
Samanta and Dalai 2018) with Fe/Mn hydroxides as the major host for these metals in sediment and suspended
particulate matter, respectively (Samanta and Dalai 2016; Samanta et al. 2017; Chatterjee et al. 2007). Supply
from sediment and suspended particles may also be responsible for these high surface dMn and dFe concentrations

in the northern Bay of Bengal.

Contrary, the freshwater intrusion was less pronounced in southern Bay of Bengal and Fe below the surface waters
may be transported vertically. Assuming that lateral transport was not important in these areas, a simple one-
dimensional model could be used to estimate the vertically transported dFe to the surface waters by vertical

advection and eddy diffusion (dFeyertical flux), @s expressed in equation 2 (Martin and Gordon 1988).

dFeyertical flux = AFeagvection flux T dFediffusion flux

dFe
dl:"evertical flux = W[Fe]below + (Kz E) (eq.2)

Where w, K,, and [Felwelow are the vertical advection velocity, vertical eddy diffusion coefficient, and Fe
concentrations below the surface layer, respectively. However, the stratified condition and shallow mixed layer
inhibit the advection flow of nutrients into the upper layer (Kumar et al. 2002; Narvekar and Kumar 2006).
Therefore, the vertically transport of dFe mainly occurs due to the vertical diffusion while the vertical advection
is negligible. The upward dFe transport can be estimated only by diffusive flux in equation 3 (Martin and Gordon
1988).

dFe
dFeyertical flux = (KZ E) (eq. 3)

% (nmol/m?) is the slope of dFe gradient with respect to depth, and K, can be calculated from vertical profiles of

228Ra using a 1-D mixing model as seen in equation 4 (Hsieh et al. 2021).
a= |— (eq. 4)

a is the slope of a plot of In(*?®Ra) vs. depth, A is decay constant (ARaxs = 3.3 x 10 /day). In this study, the
vertical diffusion coefficient of 30.3 — 114 m?/day were calculated from vertical profiles of > Ra in the eastern
Indian Ocean (Nozaki and Yamamoto 2001) by assuming downward mixing of 22®Ra from the surface to upper
600 m using a 1-D mixing model (Hsieh et al. 2021). In addition, dFe/dz from several stations that represent each
region were estimated using the linear relationship between dFe concentrations with the depth. The upward fluxes
for DIN (dN/dz) were also estimated in the same way as dFe. The dFe/dz, dN/dz, diffusion fluxes of dFe and N,
and dFenux/dNpu ratio are provided in Table IV-3.
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The vertical dFe fluxes to the surface mixed layer were ranged from 33.3 = 12.1 to 138 + 12.5 nmol/m?/day. These
dFe fluxes are consistent with previous estimates of dFe in the Southern Ocean (2.7 — 137 nmol/m?/day; Dulaiova
etal., 2009) and the winter mixing fluxes in the high-latitude North Atlantic (27.3 — 103 nmol/m?/day; Achterberg
et al., 2018). However, the vertical diffusive Fe fluxes are higher than other vertical fluxes estimated in South
Atlantic (1 — 27 nmol/m?/day; Rigby et al., 2020), in Southern Ocean (2.3 — 14 nmol/ m?/day; Charette et al.,
2007), in Arabian Sea (37 — 55 nmol/ m?*/day; Chinni and Singh 2021). The vertical diffusion coefficient might
be overestimated because the ??’Ra data had been obtained at remote stations from those in this study. It is worth
noting that the dFe fluxes estimated by Chinni and Singh (2021) used the K, values derived from the vertical

profile of 2!°Po instead of ***Ra.

In addition to the vertical supply, the surface water of eastern Indian Ocean receives a substantial quantity of dust
input. Earlier studies have estimated that the dust deposition fluxes from the Bay of Bengal to the south of equator
Indian ocean ranged from 6000 — 480 mg/m?/y (Grand et al. 2015; Srinivas and Sarin 2013). Krishnamurthy et al.
(2009) have modeled the acrosol dFe flux in the global ocean from dust and combustion sources by considering
2% aerosol iron solubility and resulted in aerosol dFe flux to the eastern Indian Ocean ranging from 27 — 274

nmol/m?/day. The estimation of dFe flux from atmospheric deposition is also indicated in Table I'V-3.

Based on the estimated values from this study and previous studies, vertical diffusion dFe fluxes were comparable
with or lower than aerosol dFe fluxes across the transect. This suggests that aeolian supply may be responsible
for the repleted dFe observed across the transect. Nitrogen fluxes from atmospheric deposition (4.4 — 44
umol/m?/day) and N, fixation (82 — 136 pmol/m?*/day) were negligible compared with the diffusion flux
(Krishnamurthy et al. 2009; 2007). The dFenu/dNnux ratio, therefore, were calculated from the total dFe fluxes
(aeolian + diffusion) and dN diffusion flux, resulting the values comparable with or slightly higher than the Fe/N
demand ratio calculated from bulk assemblages in the eastern Indian Ocean of 0.02 — 0.04 nmol/pumol (Twining
et al. 2019). The dFenu/dNiux ratios are provided in Table IV-3. Interestingly, dFenux/dNnux ratio at station 9 is
lower than those at other stations, presumably due to the lower Fe* in the deep water at station 9 (Fig. IV-11)

which indicated lower input of dFe from the external sources.

Table I'V-3. Estimated dFe and nitrate fluxes from vertical diffusion and atmospheric input

Southern Bay of Bengal Equatorial South of Equatorial
Station 3 (10 °N) Station 5 Station 9 (15 °S)

Kz (m?%day) 573 30.3 114
dFe/dz (nmol/m*) 2.4+0.2 1.1+£0.4 0.5+0.1
dN/dz (pmol/m*) 81 +20 97+23 49+8
dNifusion-flux (LMol/m?/day) 4629 + 1166 2929 + 688 5595 £ 962
dFediffusion-flux (Nmol/m?/day) 138+ 12.5 33.3+12.1 342+£228
dFeacolian-flux (nmol/mz/day) 27 —2747?
dFequ/dNpux (nmol/pmol) 0.04 - 0.09 0.02-0.1 0.01-0.06

2 Estimated dFe flux from atmospheric deposition by Krishnamurthy et al. (2009) to the eastern Indian Ocean.
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Taking together, the observation results suggested the greater potential of N-limitation than Fe-limitation across
the eastern Indian Ocean. In the northern Bay of Bengal, the input of dFe from riverine sources may be responsible
for the repleted dFe to consume DIN entirely and leads to the N-limitation during the fall intermonsoon. In addition,
both atmospheric deposition and vertical diffusion have vital role in supplying dFe into the surface mixed layer.
The adequate supply of dFe leads to the high dFefu/dNgux ratio, higher than the phytoplankton Fe/N demand and

responsible for the dFe repleted in the eastern Indian Ocean.

It is worth noting that I just calculated very rough estimates of fluxes. Moreover, I could not calculate the seasonal
variation of each flux due to the scarcity of data in eastern Indian Ocean. Therefore, more trace metal (and
macronutrients) data are needed for further studies to gain a better understanding of trace metal roles (particularly

dFe) in sustain the growth of phytoplankton in eastern Indian Ocean.

IV-5. Conclusion

This chapter presented dFe, dMn, dPb, dCd, dCu, and dZn distributions at full depth along the eastern Indian
Ocean. These data provide insight into the biogeochemical-driven processes of those metals in the eastern Indian
Ocean. Within the surface mixed layer, atmospheric deposition and vertical diffusion are vital sources of dFe. The
adequate supply of dFe from those sources leads to the higher dFequ/dNnyx relative to the Fe/N demand in

phytoplankton and further responsible for the repleted iron condition across the transect.

A key feature of the study area was a gradient on dissolved oxygen condition in the thermocline, extending from
Bay of Bengal to the end of the transect. In the thermocline, all trace metals except dPb and dMn exhibited a
correlation with phosphate, indicating that the same regeneration process regulates their cycle. However,
additional input unrelated to the remineralization and particle scavenging led to the decoupling between trace

metals with phosphate, particularly for dFe and dCu.

Furthermore, in the thermocline of Bay of Bengal, the data suggested an elevation of dFe concentrations at oxygen
minimum zone. The high Fe* values at Bay of Bengal thermocline revealed that other than remineralization
processes supply dFe into the water column. Unlike dFe, other trace metals were not enriched in the oxygen
minimum zone, indicating that the high Fe* was caused by the release of dFe from the continental shelf at oxic
conditions. Although other metals seem not affected by the oxygen minimum zone of Bay of Bengal thermocline,
dCd and phosphate ratio showed deviation from the global trend. This indicates that low dissolved oxygen
concentrations in Bay of Bengal may alter the biogeochemical processes of dCd and phosphate in the water
column. In the deep water, dCd, dCu, dZn concentrations showed a gradual increase with the depth due to the
remineralization and continues supply from bottom sediment. Contrary, scavenging of dFe, dMn, and dPb was
likely the important sink of those metals in the deep water. However, dFe and dMn showed elevation in near

coastal bottom waters where Fe* also showed high values, indicating supply of those metals from external sources.
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Chapter V. Biogeochemical dynamics of trace metals in the Bay of Bengal

V-1. Introduction

The northeastern Indian Ocean, including the Bay of Bengal, is characterized by the strong influence of monsoonal
variation. The semi-annual reversing monsoonal winds cause seasonal variation of freshwater input that reaches
maxima during southwest monsoon and minima during northeast monsoon (Wyrtki 1961; Papa et al. 2012). Those
reversing winds also bring aerosol into Bay of Bengal from different regions throughout the year (Wyrtki 1961;

Milliman and Meade 1983; Rengarajan and Sarin 2004).

Heavily populated and fast-growing cities surround the Bay of Bengal. Therefore, this region receives pollutants,
including trace metals from the mainland through river discharge (Chinni et al. 2019; M. M. Grand, Measures,
Hatta, Hiscock, Landing, et al. 2015; J.-M. Lee et al. 2015), atmospheric depositions (Yadav et al. 2021;
Rengarajan and Sarin 2004), untreated wastewater discharge (Chatterjee et al. 2007), and suspended particulate
matter (Samanta and Dalai 2018). The spatial and temporal distributions of trace metals in the Bay of Bengal have
been studied (Vu and Sohrin 2013; Lee et al. 2015; Echegoyen et al. 2014; Chinni et al. 2019; Chinni and Singh
2021; Grand et al. 2015a) to a certain extent. Most of these studies, however, were conducted during fall and
spring intermonsoon or confined to < 1000 m depth. The report of the trace metal biogeochemical processes
particularly for dFe during southwest monsoon was limited only from two stations (21 and 22) during the GI01
cruise (Chinni et al. 2019). Moreover, freshwater flux from the largest river drain to the Bay of Bengal namely
the Ganga Brahmaputra River reaches maxima during southwest monsoon (Papa et al. 2012) and transports a large
amount of pollutants including trace metals (Mitra et al. 2018; Hossain et al. 2020) and macronutrients

(Mukhopadhyay et al. 2006).

The thermocline of the Bay of Bengal is occupied by a water mass characterized by depleted dissolved oxygen
(DO) condition namely North Indian Central Water (NICW; You and Tomczak 1993). Previous studies
consistently found high dFe concentration in NICW (Chinni et al. 2019; Grand et al. 2015; KH-18-6 in Chapter
IV). Remineralization of biogenic particles along with sedimentary input from the deposition and resuspension of
riverine sediment on the shelf of northern Bay of Bengal was proposed as the source of dFe in NICW (Chinni et
al. 2019; Grand et al. 2015; KH-18-6 in Chapter IV). Furthermore, high dFe concentrations in the subsurface layer
associated with the low DO waters were also found in other oceanic areas. In the Arabian Sea, dFe supply from
reducing sediments responsible for high dFe concentration in the OMZ (Moffett et al. 2007; Kondo and Moffett
2013). In addition, dFe from continental shelf of the Sea of Okhotsk transported laterally through the intermediate

water movement to the broad area of the Western Subarctic Pacific (Nishioka et al. 2014; 2007).

This study presents the distributions of trace metals including dFe, dMn, dPb, dCd, dCu, and dZn in the Bay of
Bengal during southwest monsoon to characterize the biogeochemical processes controlling their distributions.
To the best of my knowledge, this is the first report for the full-depth trace metal distributions, particularly for
dCd, dCu, dMn, dZn, and dPb in the Bay of Bengal during the southwest monsoon. I also evaluate the relationship
between trace metals and macronutrients to understand the biogeochemical cycles of trace metals in the Bay of

Bengal. In addition, I explored the possible external undiscovered sources of trace metals, particularly for dFe in
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the thermocline of the Bay of Bengal. This chapter addresses this issue based on dFe (and other trace metals)

concentrations collected from stations close to the continental margin.

V-2. Materials and methods
V-2-1. Sample collection and storage

Seawater samples were taken on broad R/V Hakuho Maru during KH-13-4 research cruise in the northeastern Bay
of Bengal and Indian Ocean from July to August 2013. Along a transect crossing the shallow coastal waters of
Bay of Bengal towards the open ocean of northeastern Indian Ocean, seawater samples for trace metals were
collected at seven full-depth water columns. In the Bay of Bengal, water samples were obtained at six stations,
BA-1, BA-3, BA-5, MY-11, MY-9, and MY-11. In addition, one station in the northeastern Indian Ocean, NR-1,
was also occupied. The locations of trace metal sampling were indicated by ODV software (Schlitzer 2021) and
provided in Fig. V-1. Furthermore, the sampling locations from the previous occupations in the Bay of Bengal
(Chinni et al. 2019; Twining and Baines 2013; Baer et al. 2019; Kim et al. 2015; Samanta and Dalai 2018) were
also compiled in the Fig. V-1. Furthermore, seawater samples and hydrographic parameters were collected using
the same procedure described in Chapter IV. Similarly, the surface mixed layer (SML) at each station in this

chapter was also determined using a same method described in Chapter IV.
V-2-2. Determination of trace metals

Trace metal analyses were conducted in the Marine Inorganic Chemistry Laboratory of the Atmosphere and Ocean
Research Institute, The University of Tokyo, Japan. A high-resolution inductively coupled plasma mass
spectrometer (HR-ICP-MS) was used to determine trace metal concentrations in the preconcentrated samples. The
detail of preconcentration procedures was described in Chapter II. Using this preconcentrating system, the blank
values and detection limits were determined for acidified Milli Q Water (MQW). The blank and detection limit

values are provided in Table V-1.
V-2-3. Determination of macronutrients

Macronutrients NO5™ (nitrate), NOy (nitrite), PO4> (phosphate, herein to be referred to as P), and Si(OH)4 (silicic
acid, herein to be referred to as Si)) concentrations were determined following the same method described in

Chapter IV.

Table V-1. Procedural blank values and detection limits for each trace element were determined using HR-ICP-

MS. The detection limits were calculated as 3 times the standard deviation of the procedural blank values.

Procedural blank value (nmol/kg)

Element Detection limit (nmol/kg)

n Av £ SD
dFe (56) 4 0.08 £0.03 0.09
dMn (55) 4 N.D. +0.002 0.006
dPb (208) 4 0.00020 £ 0.00003 0.0001
dcd (111) 4 N.D. £0.002 0.006
dCu (63) 4 0.07 £0.01 0.03
dZn (66) 4 0.05+£0.01 0.03

n = number of replicates
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Figure V-1. Location of sampling stations during KH-13-4 cruise in this study indicated by red diamonds. and
previous studies in the Bay of Bengal, including HGH12 and 13 cruise (Samanta and Dalai 2018), GEOTRACES
cruises GI01, GI03, G104, (Vu and Sohrin 2013; Chinni et al. 2019), GO-SHIP IO9N cruise (Twining et al. 2019),
KH-18-6 cruise (Chapter 1V), and KH-13-4 (Kim et al. 2015). Trace metal data from selected stations from
GEOTRACES GI04 (ER-2), GI03 (21), and GIO1(7) obtained from GEOTRACES Intermediate Data Product
Group (2021) were used to compare with the trace metal data in this study.
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V-3. Results
V-3-1. Hydrographic condition

The thickness of SML in Bay of Bengal was 10 m at the near-most coastal station and became thicker southward
up to 73 m at station NR-1. The MLD of each station was provided in Supplementary Table 6. The surface
temperature and salinity obtained in this study were provided in Fig. V-2. In addition, the vertical sections of
temperature, salinity, potential density anomaly, and dissolved oxygen concentration in all stations occupied
during this study were provided in Fig. V-3. Generally surface temperature and salinity showed opposite patterns.
The temperature decreased while salinity increased southward. This is indicating the influence of fresh water was
more prominent at the northern station and decreased gradually southward. The sampling was conducted during
the southwest monsoon when the riverine flux from Ganga Brahmaputra River system reached maxima (Papa et
al. 2012). The impact of fresh water intrusion at the shallow stations was observed on the temperature-salinity (T-
S) diagram in Fig. IV-4. The fresh water intruded to the surface layer of the coastal station (BA-1) and lead to a

strong stratification at that station.

Moreover, the T-S diagram and vertical sections of physical parameters were also used to identify the principal
water masses and hydrographic condition. Three principal water masses occupied the water column across the
transect. The North Indian Central Water (NICW; You and Tomczak, 1993) was found as the main water mass in
intermediate layer, sandwiched between overlying Bay of Bengal Water (BBW; Tomczak and Godfrey, 1994)
and underlying Indian Deep Water (IDW; Tomczak and Godfrey, 1994).

The BBW, a warm water 25 °C — 29 °C with low salinity 28 — 35 (Emery 2003) occupied the water column of
shallow stations and spread southward at top 100 m in the remaining stations in Bay of Bengal. The thickness of
BBW decreased to become 84 m at NR-1, the open ocean station. The intermediate water of deep stations in Bay
of Bengal and northeastern Indian Ocean were occupied by NICW. The presence of NICW is marked by band of
oxygen deficient at around 190 — 800 m depths in the section profile of dissolved oxygen concentration. The
NICW is referred to as the old Indian Central Water (ICW; You and Tomczak, 1993), a Subtropical convergence
zone-origin water mass that had undergone long transport accompanied by rapid fall in dissolved oxygen
concentration when it arrived at Bay of Bengal (You and Tomczak 1993; Tomczak and Godfrey 1994). Below
the intermediate water, IDW occupied the deepest depths below 1000 m at stations MY-11, MY-9, MY-7, and
NR-1. In the southern hemisphere, the properties of IDW (temperature 2°C, salinity 34.8 —35.8, oxygen 4.7 mL/L)
match the properties of North Atlantic Deep Water (NADW), indicating IDW is originated from NADW
(Tomczak and Godfrey 1994).
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Figure V-2. Surface distributions (from 5 m depth) of temperature, salinity, and concentration of dFe, dMn, dPb,
dCd, dCu, and dZn) across the Bay of Bengal.
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Figure V-3. Vertical sections of temperature, salinity, potential density anomaly, and dissolved oxygen concentration from all the station across the transect. The NICW and IDW at

vertical section profiles indicate the occupation of North Indian Central Water (NICW) and Indian Deep Water (IDW), respectively.
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V-3-2. Trace metal distributions

The surface and section distributions of trace metals were shown in Fig. V-2, V-5, and V-6, respectively. Moreover,
all trace metal and macronutrient data were provided in Supplementary Table 6. Surface trace metal concentrations
obtained from 10 m depth were ranged from 0.42 to 1.35 nmol/kg for dFe, 2.54 to 5.5 nmol/kg for dMn,0.06 to 0.16
nmol/kg for dPb, 0.04 to 0.1 nmol/kg for dCd, 2.35 to 9.27 nmol/kg for dCu, and 1 to 1.71 nmol/kg for dZn,

respectively.

Below 10 m depth, dFe concentrations ranged from 0.2 to 13.4 nmol/kg. One striking point of dFe section distribution
is the concentration maxima in station MY-11 at 200 m depth coincided with the depleted oxygen condition (Fig. V-
5). Further below 200 m depth, dFe concentrations decreased rapidly to values as low as ~ 0.8 nmol/kg at 1500 m
depth. Towards the seafloor dFe concentrations increased again at station MY-11 and MY-9, leading to a modest
bottom water maximum (1.15 — 1.75 nmol/kg). The concentrations of dMn ranged from 0.2 to 22 nmol/kg below the
surface waters. Interestingly, both dFe and dMn showed a similar section distribution pattern. These features were
reported previously in other areas, such as the Arabian Sea (Saager et al. 1989), northeastern Pacific Ocean (Landing
and Bruland 1987). DPb concentrations showed rapid decreases below the surface layer to values as low as less than

10 pmol/kg at deeper than 2500 m depth.

The distributions of dCd, dCu, and dZn showed increased pattern below the surface waters (Fig. V-6) and mimicked
macronutrient profiles (Supplementary Fig. 3). DCd concentrations ranged from 0.07 to 1.05 nmol/kg. The vertical
profiles displayed similar distributions as phosphate and nitrate that increased rapidly at intermediate depth and
remained constant towards the deep water. DCu and dZn ranged from 0.52 to 7.42 nmol/kg and 0.5 to 8.48 nmol/kg,
respectively. Unlike dCd, dCu and dZn distributions were more similar to those of silicate than phosphate, in which

gradual increases of those metals towards the bottom water were observed (Supplementary Fig. 3 and 4).
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Figure V-5. Section distributions of dFe, dMn, and dPb across the Bay of Bengal.
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Figure V-6. Section distributions of dCd, dCu, and dZn across the Bay of Bengal.
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V-4. Discussion
V-4-1. Comparison with previous studies

A previous study has determined dZn concentrations at the same sampling location NR-1 by using cathodic stripping
voltammetry (CSV) (Kim et al. 2015). In this study, HR-ICP-MS was used to measure the dZn concentrations in
preconcentrated samples. The obtained data were found to be reliable as the dZn concentrations at station NR-1 were
in agreement with those of previous study (t-Test, p = 0.904) as seen in Fig. V-7. Furthermore, I also compared the
data with previously measured trace metal concentrations in the southern Bay of Bengal in the proximity of station
NR-1, namely station ER-2 and 7 of G104 and GIO1 cruises, respectively (Vu and Sohrin 2013; Chinni et al. 2019).
My data were found to be reliable, as the dFe, dMn, dPb, dCd, and dCu concentrations at station NR-1 were in
agreement with those of previous studies (Vu and Sohrin 2013; Chinni et al. 2019). The comparison of trace metal

vertical profiles in the station NR-1, ER-2, and 7 were provided in the Fig. V-7.
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Figure V-7. Vertical profiles of trace metals at station NR-1 in this study compared to those in previous studies. DCd,
dCu, dZn, dMn, dPb data were obtained from station ER-2 (Vu and Sohrin 2013), dFe data were obtained from station
7 (Chinni et al. 2019). DZn concentrations determined by using CSV (Kim et al. 2015) were obtained from the same
station as NR-1 during the same cruise.
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V-4-2. Trace metals in the surface waters

In this study, relatively low trace metal concentrations were observed at shallow stations (~ 30 m depth) namely BA-
1 and BA-3, corresponding to the low surface salinity less than 30, as seen in Fig.V-2 and V-8. This suggests that the
fresh water from the Ganga-Brahmaputra rivers may affect the trace metal concentrations in the northern-shallow area
of the Bay of Bengal. The sampling was conducted during the southwest monsoon period, when the fresh water
outflow from the Ganga-Brahmaputra rivers reached the peak (Papa et al. 2012). The fresh water discharge is the
second largest contributor of sediment load after the Amazon River (Milliman and Meade 1983). Sediment
resuspension might remove trace metals from the water column. In the well-oxygenated seawater, both Fe and Mn
immediately oxidized and precipitated to form the oxyhydroxides phase. Due to its large sorptive capacities, Fe/Mn
oxyhydroxides may scavenge trace metals from the water column (Kim et al. 2015; Goldberg 1954; Samanta and
Dalai 2016). The low concentrations of dZn associated with the low salinity during the same cruise were also observed

in the Andaman Sea during the southwest monsoon (Kim et al. 2015).

Furthermore, the surface trace metal concentrations from previous studies including KH-18-6 and GEOTRACES
Indian cruises (GIO1 and GI03; Chinni et al. 2019), were also plotted versus salinity for comparison as seen in Fig. V-
8. The surface trace metal concentrations obtained in this study showed higher values than those of previous studies
for all trace metals except dPb. The cruises conducted at different locations (see Fig. V-1) and monsoons (KH-18-6
during fall intermonsoon, GIO3 during spring intermonsoon, and GIO1 at the beginning of southwest monsoon,

respectively).

At salinity >34, surface dFe concentration obtained from station NR-1 showed comparable values (~0.3 nmol/kg) with
that obtained during GIO1 cruise from station 7 (Chinni et al. 2019). Similarly, surface dFe concentrations at station
MY-9 (salinity ~32.5) also showed relatively comparable values with the obtained data from station 22 of GI03 and 6
of GIO1 cruises (Chinni et al. 2019). In contrast, dFe concentrations at salinity ~31 — 32 were different among the
cruises. The averaged dFe concentrations at salinity ~31 — 32 obtained from stations BA-5 and MY-11 were 1.3 £ 0.1
nmol/kg (n=2). On the other hand, dFe concentrations from previous studies at the similar salinity region were
consistently below 0.5 nmol/kg (Chinni et al. 2019, and data from KH18-6 in Chapter II). Unlike other cruises that
were conducted across the central of Bay of Bengal, the stations in KH-13-4 were located in the eastern part close to
the continental margin (Fig. V-1). The sudden increases of dFe, dMn, dPb, and dZn at salinity ~31 — 32 might indicate
the lateral transport of waters with high trace metal concentrations into that salinity region. Previous studies have
reported that coastal input of these metals was responsible for their higher concentrations near the coast (Mitra et al.

2018; Hossain et al. 2020; Rejomon et al. 2010).
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Figure V-8. Plot of trace metal concentrations from surface waters as a function of salinity from this study (KH-13-4), and previous studies including KH-18-6,
GIO01, and GIO3 (Chinni et al. 2019).
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Furthermore, plots of salinity, macronutrient, dFe, and chlorophyll-a concentrations against latitude from 21.2 °N to
15 °N were created to better understand distributions of these constituents at different locations in Bay of Bengal
(Chinni et al. 2019; data from KH-18-6) as seen in Fig. V-9. South of 20°N, salinity was comparable among the cruises.
In addition, macronutrient and trace metal concentrations during KH-13-4 were comparable with or higher than those
of GIO1 and KH-18-6 cruises (Chinni et al. 2019; data from KH-18-6). Interestingly, N+N (sum from nitrate and
nitrite) and phosphate concentrations were depleted while dFe was relatively repleted. The extremely low N+N and
phosphate concentrations indicated those macronutrients possibly limited phytoplankton growth. The possibility of N
and P limitation has been reported previously in Bay of Bengal (Twining et al. 2019; Thangaradjou et al. 2014). On
the other hand, relatively high dFe and silicate concentrations suggested the adequate availability to sustain
phytoplankton growth. Further to the north, supply from coastal areas enriched all macronutrients (Gupta et al. 1977)
and dFe concentrations (Mitra et al. 2018; Rejomon et al. 2007). This suggests that fluvial and coastal-derived sources

supplied a large amount of nutrients to sustain the phytoplankton growth.
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Fig. V-9. Surface salinity, macronutrients, dFe, and chlorophyll-a concentrations in the northern Bay of Bengal from
21.2 °N to 15 °N. Data from GIO1 (Chinni et al. 2019) and KH-18-6 cruises were also included for comparison. Note

the direction of the stations from left to the right indicated north to the south.
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V-4-3. Relationship between trace metals and macronutrients

Trace metals and phosphate

DCd. Throughout the Bay of Bengal, a strong positive correlation (r* = 0.92) was observed between dCd and
phosphate and the relationship can be expressed as y = 0.31x + 0.06 where x is the phosphate concentration (uM)
while y is the dCd concentration (nmol/kg). This pattern and obtained slope were reported globally (Boyle 1988;
Janssen et al. 2020; Schlitzer et al. 2018). A closer examination revealed that relationship was not entirely linear.
The data from NICW produced a linear regression that has a steeper slope than that from the whole data, as seen
in Fig.V-10. This finding is consistent with the data in NICW from KH-18-6 cruise (see Chapter IV). Moreover,
the Cd:P ratio in NICW from this study (0.55 = 0.11 nM/uM) was also comparable with the ratio obtained during
KH-18-6 cruise of 0.64 + 0.13 nM/uM. The oxygen-deficient condition in NICW (<0.6 mL/L) may alter the
remineralization length scales of dCd and phosphate, resulting in a steeper slope that is different from the global

trend (Roshan and DeVries 2021; Conway and John 2015b; Janssen et al. 2014).

DZn and phosphate showed a curvilinear relationship and showed a kink, a change of the steepness of the slope
(Fig. V-10). At phosphate concentrations between 2-3 uM, dZn concentrations increased rapidly. In previous
studies, this decoupling between dZn and phosphate was found at phosphate concentrations 1.5 — 2.5 uM in other
oceanic regions such as Indian Sector of the Southern Ocean (Cloete et al. 2021), South Atlantic (Wyatt et al.
2014), North Pacific (Kim et al. 2017), and the eastern Indian Ocean (Chapter V). The appearance of this kink
was related to the slower remineralization length scale of dZn than phosphate (Boyd et al. 2017) due to their
different association within the phytoplankton cell (Twining and Baines 2013). Therefore, the depth at which dZn

reached maxima was deeper than that for phosphate.

Furthermore, the averaged dZn:P ratio found in NICW (1.38 + 0.53 nM/uM) was similar to those from the central
Bay of Bengal with dZn:P ratio of 1.91 + 0.81 nM/pM (data from Chapter IV). DZn:P ratio found in IDW (2.38
+ 0.84 nM/uM), immediately below the NICW, was also similar to those from the eastern Indian Ocean of 2.99 +
0.43 nM/uM (data from Chapter IV). The higher dZn:P ratio in the deeper water might indicate that the

regeneration of Zn-containing particles occurred in the deeper depths than phosphate.

DCu. Similar to dZn, dCu and phosphate also showed a curvilinear relationship (Fig. V-10). The high dCu
concentrations at the low phosphate concentrations were found in surface waters. The low salinity of surface
waters with high dCu and low phosphate might be attributed to the high river influx and precipitation that have
been reported in the Bay of Bengal during southwest monsoon (Narvekar and Kumar 2006). The river influx and
heavy precipitation resulted in the trace metals transport into the surface ocean, thereby increasing the
concentrations of trace metals such as Cr, Cu and Ni (Hossain et al. 2020; Samanta and Dalai 2018) while reducing

salinity.

Below the surface waters, averaged dCu:P ratio in the NICW was 0.91 + 0.48 nM/uM. This value was higher than
the obtained dCu:P ratio in NICW during KH-18-6 cruise of 0.48 + 0.16 nM/uM (Chapter 1V), and suggested the

additional sources of dissolved Cu because KH-13-4 samples were collected at stations close to the continental
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margin. Intriguingly, within NICW, only dCu:P showed a higher ratio, while other metal to phosphate ratios
showed comparable values during KH-13-4 and KH-18-6. Continues supply from the margin and shelf sediment
might enrich dCu in the water column (Takano et al. 2014; 2020; Boyle et al. 1977; Bruland 1980) and be
responsible for the higher dCu:P ratio in NICW. Moreover, reverse scavenging is also possible to supply dCu into
the water column (Little et al. 2013). However, these enrichment processes were evident for copper, but less

evidence for other metals such as cadmium and zinc (Little et al. 2013).

DFe. The NICW occupies the intermediate depth between 190 — 800 m in the Bay of Bengal. At a first glance,
dFe were not correlated with phosphate (P) along NICW; one point fell completely outside of the other plots range.
(Fig.V-10). This anomaly was observed at 200 m depth in station MY-11 where dFe was 13.4 nmol/kg. The layer
whose dFe concentration was high coincided with the oxygen minimum zone (OMZ). The suboxic condition (DO
concentrations < 0.5 mL/L) may increase the Fe(II) in the margin sediment and supply Fe(II) into the water column

(Sell and Morse 2006; Chever et al. 2015; Pakhomova et al. 2007).

Moreover, when the very high Fe concentration at 200 m depth in station MY-11 was excluded, dFe showed a
weak correlation with phosphate (r* = 0.45). The relationship between dFe and P in NICW can be expressed as y
=1.22x - 1.68, where x is the phosphate concentration (uM) while y is the dFe concentration (nmol/kg). In Chapter
IV, I have determined the slope of dFe-P relationship (0.17 nmol/pM) from station 9 where a strong positive
correlation (r? = 0.9) was found between dFe and phosphate. The tight correlation between dFe and phosphate
suggests the distribution of dFe is mainly controlled by regeneration from sinking particles and modest input from
external sources. In the Bay of Bengal, the obtained slope was steeper (1.22 nmol/pM) than dFe:P slope calculated
in Chapter IV as seen in Fig. V-9. This indicates the additional supply of dFe from external sources lead to the
decoupling between dFe and phosphate. Likewise, dFe and phosphate decoupling was observed in the deepwater
in which dFe concentrations increased but not phosphate. A similar feature was observed in the KH-18-6 cruise,
where dFe and dMn increased at near-bottom water in stations close to the coastal area (Chapter IV). Supply from

the mildly reducing sediment was thought to be responsible for this modest bottom maxima.

Trace metals and silicate

Except for the surface waters, a positive relationship was observed between dCu and silicate throughout the Bay
of Bengal (Fig. V-10). The relationship between dCu and silicate can be expressed by as y = 0.019x + 1.36 (r>=
0.62) where x is the silicate concentration (uM) while y is the dCu concentration (nmol/kg). The positive
relationship between dCu and silicate was also observed in waters shallower than 1500 m in the eastern Indian
Ocean during KH-18-6 cruise and produced a similar slope (please see discussion section in Chapter IV). In the
Figure IV-10 of Chapter IV, the plots in waters deeper than 1500 m slightly curve upwards from the regression

line which could not be observed clearly in this study.

A strong linear relationship (r* = 0.92) was observed between dZn and silicate in the Bay of Bengal (Fig. V-10).
The relationship can be expresses as y = 0.046x + 0.772 where x is the silicate concentration (uM) while y is the
dZn concentration (nmol/kg). This obtained slope was in good agreement with that reported in Andaman Sea
(0.043) by Kim et al. (2015) and eastern Indian Ocean (0.05, please refer to Chapter IV). However, the slope was

slightly lower that those reported previously in the western Indian Ocean (Vu and Sohrin 2013), southern Indian
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Ocean (Gosnell et al. 2012), and northwestern Indian Ocean (Saager et al. 1992) of 0.064, 0.059, and 0.062,

respectively.
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Figure V-10. Relationship between trace metals and macronutrients in the different water masses across the Bay

of Bengal during KH-13-6. The color dots indicate the different water masses. Orange dashed lines in dFe vs. P

and dCd vs. P indicate the regression lines along NICW. A solid black line in dFe vs. P indicates dFe/P ratio of

0.17 nmol/uM where a strong positive relationship was observed between dFe and phosphate in station 9 during

KH-18-6 (Chapter IV). A solid black line in dCu vs. Si indicate the regression line between dCu and Si in NICW

and IDW. A solid black line in dZn vs. Si indicate the regression line between dZn and Si throughout the water

column.



V-4-4. External supply of dFe into the intermediate water

As discussed in section V-4-3, the external sources enriched dFe in the intermediate water and caused the
decoupling between dFe and phosphate. In this section, I tried to elucidate the possible external sources of dFe.
The layer where dFe concentration was high, was associated with OMZ, observed at 200 m depth in stations MY-
11, MY-9, and MY-7. The 2-D plot of dFe concentrations at 200 m depth was created from all data available in
Bay of Bengal (Chinni et al. 2019, and data from KH18-6) and its surrounding area such as Andaman Sea (Kim
et al. 2015; Chinni et al. 2019). In addition, the 2-D plot of DO concentrations at 200 m depth was also created to
understand the water mass movement at 200 m depth. The DO data were obtained from previous studies in during
KH-13-4 (Kim et al. 2015), GO-SHIP 109N (Baer et al. 2019), 109 (Gordon 1995), and 101 cruises (Morrison
1995). The full data for GO-SHIP 109N, 109, and 101 cruises were found at
https://cchdo.ucsd.edu/cruise/33RR20160321, https://cchdo.ucsd.edu/cruise/316N145 6, and

https://cchdo.ucsd.edu/cruise/316N145 12, respectively. It is worth noting that a water mass with potential

density anomaly (c¢) ranged from 26.1 — 26.3 kg/m> occupied at 200 m depth in Bay of Bengal. The potential
density anomaly oo = 26.1 — 26.3 kg/m? is characteristic of NICW (You and Tomczak 1993).

The plots of DO concentrations were provided in Fig. V-11. The DO concentrations in the southern part were
higher than the central of the Bay of Bengal, indicating the water is fed from south of the Bay of Bengal (Tomczak
and Godfrey 1994). A decrease in DO concentrations accompanied with the northward movement into central of
the bay (You and Tomczak 1993). Northern of 15 °N, DO condition has already been deficient (<0.1 mL/L) due
to the usage to remineralize sinking organic matter and poor ventilation (Sarma 2002; Sarma et al. 2016). The
water mass may also ventilate from the Andaman Sea through the channels including Preparis Channel (sill depth

~250 m) and 10 Degree Channel (sill depth ~ 800 m) (Varkey et al. 1996; Jain et al. 2017).

Except for a datum from station MY-11 that showed a very high dFe concentration (13.4 nmol/kg), a 2-D plot
from available data of dFe concentration at 200 m depth (Chinni et al. 2019; data from KH-18-6) was provided in
Fig. V-11. Based on the dFe distribution at 200 m depth, I observed locations with high dFe concentrations,
including northern (north of 17 °N) and southern (south of 12 °N) parts of Bay of Bengal and Andaman Sea. The
high dFe concentrations in the northern Bay of Bengal and Andaman Sea were attributed to dissolution of Fe from
the sediments and remineralization of particulate matter delivered by the river system (Chinni et al. 2019) since
both regions receive huge suspended particulate matter discharged from the Ganga-Brahmaputra and Irrawaddy-
Salween rivers (Yu et al. 2017; Singh et al. 2012; Bird et al. 2008). In the southern Bay of Bengal, high dFe
concentrations might be due to the release from remineralization of organic particulate matter (Chinni et al. 2019).
Based on the DO distributions, the water with high dFe concentrations from northern bay including station MY-
11 might be transported into the station MY-9 along with intermediate water movement (You 1998; You and
Tomczak 1993). Moreover, the water with high dFe concentrations in Andaman Sea might also influence dFe
concentration around station MY-7 in the vicinity of Preparis Channel (Liao et al. 2020). Previous studies reported
that the waters above 250 m in eastern Bay of Bengal and Andaman Sea can communicate through Preparis
Channel that has a sill depth ~ 250 m (Jain et al. 2017; Varkey et al. 1996; Gupta et al. 1981). In addition, more

dFe data are needed to verify the influence of intermediate water mass movement to the dFe distribution.
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Figure V-11. The 2D plots of DO (mL/L) and dFe (nmol/kg) concentrations at 200 m depth in the Bay of Bengal and Andaman Sea (Chinni et al. 2019; Kim et al. 2015; Baer et al.
2019;Gordon 1995, Morrison 1995, and data from KH-18-6). Red diamonds indicate the sampling locations during this study.
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The high concentrations of dFe was observed in the intermediate water of northern Bay of Bengal. However, the
vertical transport of dFe from intermediate to euphotic zone was inhibited by the shallow mixed layer and highly
stratified upper layer generated by freshwater intrusion as seen in Fig. V-12 (Narvekar and Kumar 2006). Instead,
transport from the coastal area and fluvial input could be the source of dFe in the euphotic zone during the southwest

monsoon as the freshwater discharged reached maxima (Mitra et al. 2018; Hossain et al. 2020).
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Figure V-12. Vertical profiles of salinity, potential density anomaly, and dFe concentrations in stations MY-11, MY-

9, and MY-7. The grey shaded areas indicate the surface mixed layer.
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V-5. Conclusion

This study presented distributions of trace metals, including of dFe, dMn, dPb, dCd, dCu, and dZn in the Bay of
Bengal and open ocean of northeastern Indian Ocean (station NR-1). New results were obtained during southwest
monsoon and provided insight on the role of continental margin as sources and lateral transport of trace metals
particularly dFe. The vertical profiles of trace metals in the northeastern Indian Ocean showed consistent results with

the previous studies at the similar latitude (Vu and Sohrin 2013; Chinni et al. 2019).

On the other hand, surface dFe distribution, showed higher concentration up to 1.35 nmol/kg in the northern Bay of
Bengal (stations BA-5 and MY-11) than those of previous studies that were consistently <0.6 nmol/kg (Chinni et al.
2019; data from KH-18-6) at similar latitude. Additional input from dissolution of resuspended sediment might enrich
dFe at that station since the location is close to the Gangga River's mouth, and sampling was conducted during the

peak of freshwater outflow.

The high dFe concentrations were found in the NICW during this study, consistent with the previous finding (Chinni
et al. 2019; Grand et al. 2015; Chapter IV). Input from the continental margin sediment has been considered as the
important source of dFe in NICW (Chinni et al. 2019; Grand et al. 2015; Chapter IV). In addition, here I proposed
another source of dFe to NICW. I found elevated dFe concentrations at 200 m depth in station MY-11, MY-9, and
MY-7. The water mass movement and ventilation around these stations probably control the transport of dFe from
location with high dFe concentrations including near continental shelf (station MY-11 of this study) and Andaman
Sea (Chinni et al. 2019). In addition, continuous supply from the margin and bottom sediment, as well as reverse
scavenging processes, might increase dCu concentrations in the water column and cause the higher dCu:P ratios in
NICW and IDW compared to those of KH-18-6 cruise. Contrary, scavenging of dPb was likely the important sink in
the deep water. Moreover, dCd and phosphate relationship showed a higher slope (0.55) than the global trend (~0.3),
presumably as the result of oxygen-deficient condition along NICW. This trend was consistent with the dCd-P
relationship along NICW as discussed in chapter I'V.
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Chapter VI. Conclusion and future perspectives

VI-1. Conclusion

I investigated trace metal distributions in three different marine environments, including Ariake Sea, eastern Indian
Ocean, and Bay of Bengal in this study. Complex processes governed trace metal distributions in those three different
marine environments including its sources, sink, and biogeochemical cycle within the water column. In coastal waters
of Ariake Sea, rivers play a vital role in transporting abundant amounts of trace metals and macronutrients from the
Kyushu Island into the marine ecosystem. The deviations relative to the mixing line between river water and seawater
end-members in the simple mixing model were observed for dFe, dMn, and dCu. This indicates that their distributions
were not simply controlled by the physical mixing between rivers and marginal seawaters. The deviation of trace metal
concentrations relative to the mixing line suggested removal for dFe and dMn due to the scavenging process from the
water column during estuarine mixing. In contrast, the upward deviation of dCu relative to the mixing line highlighted
the importance of internal input within the embayment system. The sedimentary flux was estimated to supply more
dCu than other sources such as photodissolution of resuspended sediment, atmospheric deposition, and groundwater
discharge. Furthermore, this study also succeeds in revealing the behavior of dCo in the coastal area that is still poorly
understood. I contrasted the dCu and dCo and found that the remobilization of those metals from Ariake Sea’s
sediment might be proceeded in different pathways due to their different carrier phases. The association between Co
with Mn and Fe in Ariake’s sediment and limited sedimentary input of Co explained its conservative behavior during

estuarine mixing.

The second study area was the eastern Indian Ocean. Across the eastern Indian Ocean, rivers were also responsible
for transporting trace metals including dFe, dMn, dPb, dCd, dCu, and dZn to the surface waters of northern Bay of
Bengal. In addition, the supply of dFe through vertical diffusion and atmospheric deposition was adequate to sustain
phytoplankton demand and was responsible for the repleted iron condition across the eastern Indian Ocean. Below the
surface mixed layer, I observed a dissolved oxygen gradient in the thermocline, extending from Bay of Bengal to the
southern-end station. The thermocline of eastern Indian Ocean was occupied by the Indian Central Water (ICW). The
transport of ICW is accompanied by a rapid fall in oxygen. When ICW entered Bay of Bengal, it has been renamed
as North Indian Central Water (NICW). All trace metals except dPb and dMn were correlated with phosphate in the
thermocline. This indicated that the same regeneration process regulated the cycles of trace metals and phosphate.
However, decoupling between dFe, dMn, and dCu with phosphate was observed due to additional input unrelated to
the remineralization and particle scavenging. Unlike dFe that showed elevation, distributions of dMn, dZn, and dCu
were not affected by the extreme DO condition in NICW. However, dCd to phosphate ratio in NICW showed
deviations from the global trend and might indicate the alteration of biogeochemical processes of dCd and phosphate
in the water column due to the low dissolved oxygen condition. Remineralization and continued supply from bottom
sediment were responsible for the gradual increases of dCd, dCu, and dZn concentrations toward the deep water.

Contrary, scavenging of dFe, dMn, and dPb was likely the important sink of those metals in the deep water. However,

103



dFe and dMn showed high concentrations in coastal bottom waters where Fe* (an index to evaluate the contributions

of dFe from external sources) also showed high values, indicating the supply of those metals from external sources.

I focused on the Bay of Bengal as the last study area. This study succeeded in obtaining new data of trace metals
including dFe, dMn, dCd, dCu, and dZn during southwest monsoon. Moreover, this study also provided insight on the
role of continental margin as sources of trace metals and lateral transport of dFe with the intermediate water movement.
In surface waters, a high concentration of dFe up to 1.35 nmol/kg was found in the station BA-5 located close to the
coast. Lateral input from coastal areas might enrich dFe at that station. Pronounced elevation of dFe and dMn up to
13.4 and 22 nmol/kg were observed at 200 m depth in station MY-11 coincided with the depleted dissolved oxygen
water column condition. Judging from the location of station MY-11 at the edge of continental margin, input from the
marginal sediment might be responsible for supplying dFe and dMn into the water column. Intermediate water
movements might also affect dFe distributions at stations MY-9 and MY-7. Moreover, exploring the relationship
between trace metals and macronutrients in Bay of Bengal provided insight into the role of local processes in shaping
the trace metal distributions. For instance, continuous supply from the margin and bottom sediment, as well as reverse
scavenging processes, might increase dCu concentrations in the water column and cause the higher dCu to phosphate
ratios in NICW and IDW compared to those obtained in the eastern Indian Ocean. In addition, in NICW, the deviation
of dCd and phosphate ratio from the global trend was consistently observed. Furthermore, the results of this last
chapter also succeeded in obtaining new data set for dPb that are important to understanding the impact of
anthropogenic Pb on the global-scale environment because of profoundly limited data of dPb in the eastern Indian
Ocean. Moreover, large-scale economic development, late phase-out of leaded gasoline, and limited regional
regulation resulted in very high fluxes of Pb from southern Asia and Oceania into the Indian Ocean as I observed dPb
concentrations up to 120 pmol/kg in the surface waters of Bay of Bengal which was the highest observed in the open

ocean.

VI-2. Future perspectives

The present study provided new insight into the trace metal biogeochemical cycle in various sea areas from the coast

to the open ocean. However, there are several specific issues to be addressed in future studies.

In Chapter II1, I hypothesized that the well-oxygenated water column was one of the important factors governing trace
metal behaviors in Ariake Sea. However, I do not have robust evidence to verify this hypothesis now since the
sampling was conducted once per summer season, and the data in this study served as a snapshot for a short time
period. During the peak of the summer season, Ariake Sea experienced bottom water hypoxia (Hayami et al. 2019;
Jia et al. 2018; Masumi Koriyama et al. 2011). Some trace metals such as dFe, dMn, and dCo have been reported to
exhibit unique features during hypoxic conditions (Ho et al. 2019; Howarth et al. 2011; Lohan and Bruland 2008).
Therefore, more trace metal data during other seasons are needed to better understand trace metal behaviors in

estuarine areas.
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In Chapter IV, I estimated the dFe fluxes from vertical diffusion and atmospheric deposition that are responsible for
supplying dFe to the surface mixed layer. The high dFe supply from those sources was adequate to sustain the growth
of phytoplankton and was responsible for the repleted dFe in the eastern Indian Ocean. However, I just calculated very
rough estimates of the fluxes. Moreover, I could not calculate the seasonal variation of each flux since the observation
was conducted during the fall intermonsoon only. Therefore, more trace metal data during other monsoons are needed

to gain more understanding of the role of dFe to sustain the phytoplankton growth in the eastern Indian Ocean.

The novelty findings obtained in this study are schematically summarized in Fig. VI-1. Present data have filled a gap
in my knowledge regarding trace metal biogeochemical cycle in various sea areas and its possible regulations by

specific environmental properties.

Moreover, these findings would help accurately predict how global warming and climate change might affect the trace
metal biogeochemical cycle in each sea area. Significant alteration of environmental properties induced by climate
change may be accompanied by the large trace metal supply into the marine region and impact on the marine primary
productivity. In addition, the expansion of hypoxic water mass due to warming will also change biogeochemical

processes in the broad area of the northeastern Indian Ocean.
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Figure VI-1. Schematic diagram indicating novel processes revealed by present study regarding biogeochemical processes of trace metals in three different marine
areas including Ariake Sea, eastern Indian Ocean, and Bay of Bengal. Rivers were vital in transporting trace metals into the marine environment in all study areas.
DCu enriched in the water column due to the supply from sediment of Ariake Sea. In addition, the biogeochemical dynamic of dCo in Ariake Sea was driven by the
balance between its input and removal. In the surface mixed layer of eastern Indian Ocean, vertical diffusion and atmospheric deposition (Krishnamurthy et al. 2009)
supplied sufficient dFe into the surface mixed layer to meet phytoplankton demand in the eastern Indian Ocean. Significant sedimentary input was also identified,
particularly for dFe and dMn in the eastern Indian Ocean and Bay of Bengal. This study also successfully captured the role of lateral transport in supplying dFe into

the intermediate water of Bay of Bengal.
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Supplementary information

Table 1. River water fluxes in May 2018 and 2015

River name Monthly fluxes in May (m?/s)
2018 2015
Rokkaku 1.7 1.4
Kikuchi 37.7 222
Chikugo 127.0 93.3
Yabe 25.3 21.1
Shira 22.9 11.5
Midori 49.1 20.7

Data obtained from https://www.river.go.jp/index

Table 2. Dissolved trace metal and macronutrient concentrations in station G1 and G2 (ECS) during 2019 cruise

Station Trace metal concentrations Macronutrient concentrations
Depth (nmol/kg) Chl-a (M)
(m) dMn dFe dCu dCo el TINO,T INO2T [NHLT [POS] [Si(OH):] DIN
Gl
5 - - - 0.07 0.2 - - - - 2.0 0.2
10 - - - 0.07 0.2 - - - - 1.9 0.2
G2
5 8.2 2.3 2.0 - 1.1 0.7 0.1 0.3 0.1 4.1 1.1
10 9.6 3.0 2.7 - 1.1 0.9 0.1 0.4 0.1 4.2 1.1
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Table 3. Dissolved trace metal and macronutrient concentrations in Ariake Sea during 2015 cruise

Station Trace metal concentrations Macronutrient concentrations
Chl-a
Depth (nmol/kg) (uLM)

(m) dMn  dFe  dCu  dCo  “¥Y) TN07 [NO:] [NHs] [POS] [SiOH)] DIN

A15 (33 N, 130.3 E, water depth 11.7 m)

1.6 10.1 - 5.9 - 5.9 4.6 0.5 2.6 1.1 68.2 7.7
1.7 10.9 - 4.9 - - - - - - - -
42 9.9 - 4.7 - 7.8 1.2 0.4 2.1 0.9 56.4 3.7
6.2 8.4 - 5.2 - 8.9 1.0 0.4 1.9 0.9 56.3 34
8 8.7 - 4.7 - 8.9 1.0 0.4 1.9 0.9 56.3 34
A13 (32.9 N, 130.4 E, water depth 35.9 m)
4.7 8.1 - 4.6 - 7 1.5 0.3 1.3 0.6 44.0 3.1
10.1 7.9 - 4.5 - 4.7 1.8 0.4 1.9 0.6 41.7 4.1
15.3 7.9 - 4.7 - 2.5 1.4 0.4 2.3 0.6 36.2 4.1
20.3 8.8 - 4.4 - 2 1.2 0.4 2.2 0.5 32.2 3.9
24.8 8 - 4 - 1.7 1.1 0.4 2.0 0.5 27.9 3.5
29.9 7.5 - 3.7 - 1.7 1.0 0.4 2.0 0.4 27.5 3.5
Al1 (32.8 N, 130.4 E, water depth 42.3 m)
5 13.5 - 4.5 - 4.1 0.5 0.2 0.4 0.3 26.5 1.1
10 13.2 - 4.4 - 33 0.7 0.2 0.8 0.3 24.6 1.8
15.2 14.7 - 4.1 - 2.7 0.8 0.2 0.8 0.3 21.2 1.8
20.2 9.7 - 4.1 - 1.7 0.9 0.3 1.3 0.3 18.6 2.4
25 10.7 - 3.9 - 1.3 0.8 0.4 1.9 0.4 18.4 3.1
36.1 11.3 - 3.9 - 1.3 0.8 0.4 1.7 0.3 18.3 2.8
A9 (32.6 N, 130.3 E, water depth 84.3 m)
4.9 13.1 - 4.2 - 4.2 0.4 0.2 0.3 0.2 16.7 0.8
10.1 14 - 4.2 - 3 0.6 0.2 0.6 0.2 16.6 1.3
25.1 10.6 - 3.6 - 1.5 0.8 0.2 0.9 0.2 13.9 2.0
50.3 10.5 - 34 - 1.5 0.9 0.3 0.9 0.2 12.2 2.1
65 10.9 - 34 - 1.4 0.9 0.3 0.8 0.2 11.6 2.0
79.8 11.1 - 3.7 - 1.4 0.9 0.3 0.8 0.2 11.4 1.9
A7 (32.6 N, 130.1 E, water depth 51.4)
5.4 11.1 - 2.7 - 1 1.0 0.4 0.5 0.2 8.6 1.9
10.3 9.9 - 2.2 - - 1.0 0.4 0.6 0.2 8.4 1.9
16.5 10.7 - 2.7 - - 1.0 0.4 0.5 0.2 8.9 2.0
19.9 9.5 - 2.3 - 1 1.0 0.4 0.5 0.2 8.4 1.9
31.5 10.2 - 2.4 - 1 1.1 0.4 0.5 0.2 8.4 2.1
41.8 9.3 - 2.2 - 0.9 1.0 0.4 0.6 0.2 8.5 2.0
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Table 4. Dissolved trace metal and macronutrient concentrations in Ariake Sea during 2018 cruise

Station Trace metal concentrations Macronutrient concentrations
Depth (nmol/kg) chi-a (uM)
(m) dMn  dFe  dCu  dCo M8 [NOs] [NOy] [NHs [PO.*] [Si(OH);] DIN
C5 (33 N, 130.3 E, water depth 12.9)
0 24.3 10.2 9.1 0.20 6.87 6.9 10.2 0.8 5.6 1.2 84.2
2 27.1 6.1 7.9 0.30 7.15 7.2 10.2 0.8 5.6 1.2 84.7
5 25.5 5.6 7.4 0.23 6.55 6.6 9.5 0.7 5.5 1.2 80.3
6 19.7 4.1 7.1 0.22 5.05 5.1 7.0 0.6 4.7 1.0 65.2
8 21.4 7.7 8.0 0.22 4.16 4.2 3.9 0.4 3.8 0.7 48.0
A14N (32.9 N, 130.3 E, water depth 14.9 m)
0 42.4 2.8 5.5 0.24 4.57 4.6 5.6 0.4 43 0.7 44.1
2 65.4 3.6 5.9 0.26 4.6 4.6 5.3 0.4 4.2 0.7 43.0
5 35.1 34 5.6 0.21 4.48 4.5 5.0 04 4.0 0.7 42.0
8 33.1 5.0 7.5 0.21 3.95 4.0 3.2 0.3 2.7 0.5 36.5
12 30.7 34 5.5 0.19 3.61 3.6 2.6 0.3 2.5 0.5 35.2
A13 (32.9 N, 130.4 E, water depth 37.1 m)
0 12.7 5.9 5.2 0.20 3.58 3.6 1.8 0.2 1.5 0.3 28.7
2 15.1 2.1 4.6 0.21 3.37 34 1.7 0.2 1.6 0.3 28.6
10 18.4 3.5 4.7 0.18 1.78 1.8 1.2 0.2 2.3 04 26.8
15 16.0 2.0 3.7 0.19 1.09 1.1 1.1 0.3 2.3 0.4 21.6
20 12.1 1.8 3.5 0.16 0.95 1.0 0.8 0.3 2.0 04 17.8
25 12.0 1.8 3.8 0.14 1.03 1.0 0.8 0.3 2.0 0.3 17.5
34 11.7 33 4.9 0.18 - - - - - - -
Al1 (32.8 N, 130.4 E, water depth 43.3 m)
0 21.3 0.5 33 0.26 5.7 5.7 54 0.3 1.5 0.5 44.5
5 14.8 2.7 4.4 0.18 2.67 2.7 1.5 0.2 0.9 0.2 20.4
10 13.6 2.7 5.1 0.15 2.03 2.0 0.5 0.2 0.8 0.2 15.6
15 14.9 3.0 4.7 0.19 1.41 1.4 0.6 0.2 1.2 0.2 14.4
20 17.9 3.2 52 0.25 1.05 1.1 0.4 0.2 1.4 0.3 13.1
30 18.4 2.5 3.8 0.20 0.77 0.8 0.5 0.3 1.2 0.2 11.6
40 18.0 3.2 3.9 0.17 0.81 0.8 0.7 0.3 1.2 0.2 12.2
A9 (32.6 N, 130.3 E, water depth 89.2 m)
0 12.0 2.3 43 0.22 3.92 3.9 0.2 0.1 0.3 0.1 13.3
5 12.9 2.5 4.4 0.18 3.51 3.5 0.2 0.1 0.4 0.1 13.1
10 10.0 2.3 3.6 0.17 1.91 1.9 0.5 0.2 0.7 0.1 10.3
20 8.8 2.1 35 0.16 1.33 1.3 0.7 0.2 1.0 0.1 10.1
40 8.1 1.8 3.1 0.12 1.34 1.3 1.0 0.3 1.0 0.2 9.4
60 7.5 1.7 2.8 0.11 1.1 1.1 1.2 0.3 0.9 0.2 9.3
84 7.6 1.8 3.1 0.11 0.99 1.0 1.3 0.3 1.1 0.2 9.4
A7 (32.6 N, 130.1 E, water depth 93.5 m)
0 8.3 2.0 2.6 0.12 1.48 1.5 1.6 0.3 0.7 0.2 9.4
5 8.0 1.6 2.8 0.11 1.2 1.2 1.8 0.3 0.7 0.2 9.1
10 7.8 1.7 2.5 0.10 1.06 1.8 0.3 0.7 0.2 9.0
15 7.9 1.7 2.5 0.09 - - - - - - -
20 7.3 1.5 2.4 0.10 1.03 1.0 1.9 04 0.7 0.2 9.0
25 6.4 1.4 2.1 0.07 - - - - - - -
30 6.4 4.4 3.1 0.08 1.02 1.0 2.1 0.4 0.7 0.2 9.2

126



Table 5. Dissolved trace metal and macronutrient concentrations in The Eastern Indian Ocean during KH-18-6 cruise

Station MLD Trace metals concentrations (nmol/kg) Macronutrients concentrations (UM)
Depth (m) (m) dcd dMn dFe dCu dZn dPb*  [NOs] [NOz] [NH4] DIN  [POs] [Si(OH)]
1 (15.5°N, 88°E; water depth: 2624 m)
10 20 0.02 3.77 0.40 2.10 0.99 121.2 N.D. N.D. N.D. N.D. N.D. 1.84
21 0.03 3.40 0.36 1.82 0.95 120.5 N.D. N.D. N.D. N.D. N.D. 1.75
30 N.D. 1.42 N.D. 0.50 0.39 82.3 N.D. N.D. N.D. N.D. 0.03 1.66
40 N.D. 0.91 N.D. 0.35 0.39 36.8 5.68 0.35 N.D. 6.03 0.52 4.63
60 0.36 0.64 0.19 0.65 1.38 29.3 24.1 0.07 N.D. 24.14 1.73 16.0
80 0.34 0.40 0.05 0.35 1.10 33.5 24.3 N.D. N.D. 24.33 1.71 17.1
100 0.43 0.31 0.22 0.39 1.15 31.2 26.2 N.D. N.D. 26.24 1.86 20.2
150 0.47 0.31 0.08 0.31 1.22 19.4 30.8 N.D. N.D. 30.78 2.17 28.8
200 0.59 0.55 0.20 0.39 1.47 14.0 32.6 N.D. N.D. 32.58 2.37 333
300 0.58 0.29 0.10 0.40 1.46 20.5 35.8 N.D. N.D. 35.83 2.58 41.2
318 0.65 0.35 0.40 1.00 3.05 20.0 36.1 N.D. N.D. 36.12 2.56 42.2
398 0.83 0.70 0.78 1.78 2.66 23.9 37.4 N.D. N.D. 37.43 2.62 473
497 0.70 0.60 0.73 1.48 2.49 23.1 38.6 N.D. N.D. 38.56 2.74 52.6
745 0.81 0.51 0.59 1.53 2.93 18.0 39.6 N.D. N.D. 39.58 2.86 68.6
993 0.89 0.39 0.54 1.52 4.65 15.9 40.1 N.D. N.D. 40.09 2.92 87.9
1486 0.93 0.35 1.25 2.93 5.97 12.5 39.6 N.D. N.D. 39.61 2.85 112
1979 0.90 0.29 0.83 3.40 7.01 10.4 38.5 N.D. N.D. 38.49 2.77 136
2470 0.86 0.38 1.57 3.54 7.78 4.0 37.9 N.D. N.D. 37.88 2.67 144
2564 0.84 2.17 1.20 3.57 8.19 6.9 37.9 N.D. N.D. 37.86 2.68 152
2 (14.9°N, 88°E; water depth: 2843 m)
10 37 N.D. 1.81 0.25 1.27 0.45 106.3 N.D. N.D. N.D. N.D. N.D. 1.65
20 N.D. 1.56 N.D. 1.06 0.41 97.6 N.D. N.D. N.D. N.D. N.D. 1.62
30 0.01 1.30 N.D. 1.04 0.43 100.9 0.07 0.02 N.D. 0.09 0.02 1.60
40 0.04 1.01 N.D. 0.67 0.28 75.1 1.49 0.29 N.D. 1.78 0.19 3.01
60 0.13 0.80 N.D. 0.56 0.29 64.8 3.94 1.30 N.D. 5.23 0.45 4.03
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Table 5. (Continued)

Station MLD Trace metals concentrations (nmol/kg) Macronutrients concentrations (LM)
Depth (m) (m) dcd dMn dFe dCu  dZn dPb*  [NOs] [NOy] [NH4] DIN [POs*]  [Si(OH)4]
2 (14.9°N, 88°E; water depth: 2843 m)
80 0.38 1.60 0.34 1.84 1.43 56.2 14.7 0.06 N.D. 14.81 1.08 8.60
99 0.46 0.75 0.44 1.71 1.61 42.4 21.8 0.03 N.D. 21.81 1.58 153
149 0.58 0.50 0.55 1.45 2.12 335 27.5 N.D. N.D. 27.46 1.98 23.2
198 0.66 1.11 0.57 1.33 2.51 18.8 31.0 N.D. N.D. 30.96 2.36 32.1
298 0.73 0.57 0.75 1.43 2.86 20.2 34.9 N.D. N.D. 3491 2.51 39.6
318 0.85 0.65 1.05 1.70 3.00 20.0 354 N.D. N.D. 3542 2.53 40.7
398 0.67 0.63 0.90 1.45 2.98 21.8 36.5 N.D. N.D. 36.45 2.58 45.8
497 0.86 0.62 0.98 1.63 3.07 20.9 37.8 N.D. N.D. 37.80 2.70 52.8
743 0.92 0.57 1.00 1.83 3.88 15.5 39.0 N.D. N.D. 39.03 2.86 72.2
992 0.97 0.37 0.88 2.04 4.49 14.7 394 N.D. N.D. 39.40 2.86 90.8
1486 1.03 0.29 0.73 2.47 6.10 11.3 38.9 N.D. N.D. 38.93 2.87 117
1980 1.04 0.24 0.67 2.89 6.69 7.9 37.8 N.D. N.D. 37.83 2.73 143
2471 0.83 0.23 0.49 3.35 7.44 5.1 374 N.D. N.D. 37.39 2.66 151
2789 0.82 0.35 0.65 3.82 8.58 8.0 37.0 N.D. N.D. 36.95 2.59 154
3 (10°N, 87.9°E; water depth: 3431 m)
10 41 N.D. 1.60 0.10 1.35 0.60 103.6 N.D. N.D. N.D. N.D. 0.03 1.51
30 N.D. 1.50 0.10 1.00 0.60 77.6 0.19 0.03 N.D. 0.22 0.08 1.80
60 0.20 1.05 0.20 1.05 0.75 41.6 0.77 0.15 N.D. 0.92 0.20 243
100 0.40 0.40 0.40 1.10 1.85 37.1 23.2 N.D. N.D. 23.23 1.65 19.1
150 0.50 0.50 0.50 1.20 2.00 23.8 29.9 N.D. N.D. 2991 2.13 274
193 0.60 0.25 0.40 0.70 1.70 17.6 324 N.D. N.D. 3242 2.39 35.0
199 0.60 0.45 0.60 1.30 2.20 18.2 33.1 N.D. N.D. 33.07 2.41 353
298 0.65 0.50 1.05 1.25 2.40 219 353 N.D. N.D. 35.29 2.47 39.5
397 0.70 0.50 1.05 1.40 2.70 20.1 36.2 N.D. N.D. 36.24 2.56 45.7
497 0.75 0.55 1.00 1.50 2.90 19.7 37.0 N.D. N.D. 37.00 2.63 54.4
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Table 5. (Continued)

Station MLD Trace metals concentrations (nmol/kg) Macronutrients concentrations (LM)
Depth (m) (m) dcd dMn dFe dCu  dZn dPb*  [NOs] [NOy] [NH4] DIN [POs*]  [Si(OH)4]
3 (10°N, 87.9°E; water depth: 3431 m)

744 0.80 0.45 0.95 1.55 4.20 15.6 37.7 N.D. N.D. 37.67 2.76 72.8
992 0.86 0.27 0.77 2.01 5.52 10.8 38.7 N.D. N.D. 38.73 2.80 94.7
1486 0.89 0.20 0.74 1.98 6.43 6.8 38.6 N.D. N.D. 38.64 2.83 116
1979 0.92 0.27 0.77 3.05 6.84 5.7 37.9 N.D. N.D. 37.86 2.70 137
2471 0.87 0.22 0.78 3.21 7.67 N.D. 37.2 N.D. N.D. 37.22 2.66 147
2962 0.81 0.20 0.59 3.15 8.12 N.D. 36.7 N.D. N.D. 36.68 2.56 151
3391 0.83 0.30 0.60 4.20 9.28 N.D. 36.3 N.D. N.D. 36.32 2.50 153

4 (5.0°N, 88°E; water depth: 3982 m)

10 26 N.D. 0.84 0.04 1.34 0.12 64.2 N.D. N.D. N.D. N.D. 0.10 1.55

30 0.02 2.10 0.10 1.35 0.10 71.8 N.D. N.D. N.D. N.D. 0.15 1.61

60 0.07 2.05 0.60 1.25 0.20 74.0 0.65 0.71 0.11 1.48 0.26 1.89
100 0.45 0.50 0.60 1.70 1.50 384 26.0 N.D. N.D. 26.05 1.82 24.3
140 0.60 0.50 0.70 2.10 2.10 34.7 30.5 N.D. N.D. 30.51 2.16 28.6
149 0.50 0.40 0.60 1.25 2.15 28.9 30.7 N.D. N.D. 30.68 2.15 29.2
200 0.40 0.30 0.70 1.20 1.90 26.7 30.6 N.D. N.D. 30.56 2.09 28.7
297 0.35 0.20 0.70 1.25 1.60 22.2 315 N.D. N.D. 31.51 2.09 29.0
397 0.40 0.20 0.50 0.85 1.60 17.8 33.8 N.D. N.D. 33.80 2.30 353
497 0.20 0.20 0.50 0.80 2.00 10.9 35.7 N.D. N.D. 35.67 2.51 45.4
744 0.70 0.30 0.80 1.50 3.15 17.7 37.5 N.D. N.D. 37.50 2.62 66.0
993 0.85 0.30 0.90 1.85 4.00 20.8 383 N.D. N.D. 38.30 2.76 88.7
1486 0.80 0.30 0.90 2.05 4.25 17.9 384 N.D. N.D. 38.44 2.82 116
1980 0.80 0.30 1.05 4.05 5.70 11.0 37.5 N.D. N.D. 37.46 2.67 133
2471 0.81 0.40 1.10 4.20 6.20 9.8 36.5 N.D. N.D. 36.53 2.57 141
2963 0.80 0.30 0.85 4.80 9.15 8.4 36.1 N.D. N.D. 36.12 2.55 147
3946 0.82 0.20 0.75 5.20 9.20 7.4 35.9 N.D. N.D. 35.88 2.47 152
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Table 5. (Continued)

Station MLD Trace metals concentrations (nmol/kg) Macronutrients concentrations (LM)
Depth (m) (m) dcd dMn dFe dCu  dZn dPb*  [NOs] [NOy] [NH4] DIN [POs*]  [Si(OH)4]
5 (0°, 88°E; water depth: 4518 m)
9 118 N.D. 1.25 0.08 1.35 0.25 54.6 N.D. N.D. N.D. N.D. 0.13 1.54
30 N.D. 1.10 0.07 1.15 0.25 48.4 0.02 N.D. N.D. 0.02 0.13 1.56
59 N.D. 1.10 0.07 0.80 0.20 48.4 0.19 0.02 0.19 0.40 0.15 1.62
99 N.D. 1.00 0.08 0.80 0.30 49.6 2.01 0.14 0.26 241 0.27 2.56
150 0.50 0.30 0.30 0.85 1.35 30.5 26.6 N.D. N.D. 26.59 1.81 21.3
155 0.40 0.40 0.50 1.35 1.30 22.6 27.0 N.D. N.D. 27.02 1.82 21.7
199 0.50 0.20 0.50 0.75 1.40 25.2 26.7 N.D. N.D. 26.66 1.75 23.1
299 0.55 0.15 0.40 0.60 1.45 24.7 28.8 N.D. N.D. 28.83 1.86 25.6
398 0.60 0.15 0.40 0.70 2.90 20.4 31.7 N.D. N.D. 31.69 2.10 31.9
496 0.60 0.10 0.30 0.70 1.75 20.0 333 N.D. N.D. 33.34 2.25 39.2
745 0.70 0.30 0.80 1.70 3.20 14.4 36.9 N.D. N.D. 36.95 2.61 66.0
992 0.85 0.30 0.80 2.05 4.05 13.5 383 N.D. N.D. 38.33 2.74 82.7
1486 0.80 0.20 0.70 2.55 5.45 7.3 37.9 N.D. N.D. 37.85 2.71 112
1980 0.70 0.20 0.70 2.75 6.45 53 36.8 N.D. N.D. 36.84 2.60 129
2472 0.60 0.20 0.70 2.65 6.50 3.9 36.2 N.D. N.D. 36.19 2.51 136
2962 0.65 0.20 0.70 3.50 7.45 4.1 35.6 N.D. N.D. 35.63 2.48 142
3452 0.73 0.20 0.60 3.60 7.60 4.9
3941 0.73 0.20 0.60 4.10 8.00 5.1 35.2 N.D. - 35.17 243 144
4484 0.74 0.10 0.50 4.45 8.15 5.1 35.2 N.D. N.D. 35.16 2.43 144
7(5.0°S, 88°E; water depth: 5065 m)
10 43 N.D. 1.00 0.08 1.20 0.30 443 N.D. N.D. N.D. N.D. 0.03 1.54
29 N.D. 1.60 0.06 1.05 0.20 45.0 N.D. N.D. N.D. N.D. 0.04 1.61
60 0.20 0.65 0.10 0.85 0.55 21.8 13.1 0.22 N.D. 13.29 0.91 13.2
100 0.44 0.30 0.14 0.80 1.05 22.2 19.7 N.D. N.D. 19.69 1.27 19.0
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Table 5. (Continued)

Station MLD Trace metals concentrations (nmol/kg) Macronutrients concentrations (LM)
Depth (m) (m) dcd dMn dFe dCu  dZn dPb*  [NOs] [NOy] [NH4] DIN [POs*]  [Si(OH)4]
7(5.0°S, 88°E; water depth: 5065 m)
139 0.46 0.35 0.38 1.00 1.55 16.7 242 N.D. N.D. 24.25 1.62 222
150 0.53 0.10 0.10 0.83 1.50 18.7 28.1 N.D. N.D. 28.12 1.86 27.7
199 0.45 0.10 0.10 0.75 1.15 17.8 28.5 N.D. N.D. 28.54 1.88 27.5
298 0.50 0.20 0.20 1.05 1.55 17.3 27.5 N.D. N.D. 27.51 1.79 23.0
397 0.50 0.10 0.10 0.65 1.55 13.0 28.7 N.D. N.D. 28.66 1.85 24.7
498 0.55 0.10 0.10 0.65 2.05 12.1 32.0 N.D. N.D. 31.96 2.02 31.9
744 0.81 0.30 0.30 1.65 4.35 9.6 34.0 N.D. N.D. 33.96 2.31 40.9
993 0.86 0.30 0.30 2.05 5.10 8.2 37.6 N.D. N.D. 37.56 2.61 70.9
1486 0.82 0.20 0.20 2.20 6.30 3.9 38.7 N.D. N.D. 38.71 2.77 88.8
1979 0.76 0.20 0.20 2.70 6.90 2.1 38.1 N.D. N.D. 38.07 2.70 113
2472 0.73 0.20 0.20 3.00 7.00 1.0 37.1 N.D. N.D. 37.15 2.61 131
2963 0.66 0.20 0.20 3.10 7.35 1.0 36.5 N.D. N.D. 36.47 2.53 140
3452 0.72 0.20 0.20 3.60 8.00 2.4 36.0 N.D. N.D. 36.00 2.51 141
3941 0.75 0.10 0.10 4.00 8.00 0.0 - - -
4482 0.71 0.10 0.10 3.95 8.25 2.4 35.6 N.D. N.D. 35.57 2.44 146
5044 0.72 0.20 0.20 3.60 8.00 2.4 34.9 N.D. N.D. 34.92 2.38 145
8 (10°S, 88°E; water depth: 4350 m)

30 37 N.D. 2.00 0.01 0.95 0.10 26.9 N.D. N.D. N.D. N.D. 0.03 1.55

59 N.D. 1.90 0.02 0.95 0.20 22.5 N.D. N.D. N.D. N.D. 0.03 1.54
100 N.D. 1.05 0.03 0.75 0.20 10.1 1.87 0.52 N.D. 2.39 0.21 3.28
150 0.21 0.40 0.20 1.10 1.05 10.9 17.6 N.D. N.D. 17.64 1.19 19.5
200 0.30 0.10 0.15 0.65 1.50 4.0 233 N.D. N.D. 23.31 1.57 31.1
283 0.41 0.20 0.45 1.15 2.10 4.1 27.9 N.D. N.D. 27.90 1.85 39.6
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Table 5. (Continued)

Station MLD Trace metals concentrations (nmol/kg) Macronutrients concentrations (LM)
Depth (m) (m) dcd dMn dFe dCu  dZn dPb*  [NOs] [NOy] [NH4] DIN [POs*]  [Si(OH)4]
8 (10°S, 88°E; water depth: 4350 m)
398 0.42 0.20 0.50 1.25 2.20 43 29.2 N.D. N.D. 29.21 1.93 35.6
497 0.48 0.20 0.55 1.35 2.80 3.0 32.5 N.D. N.D. 32.46 2.19 47.2
745 0.60 0.20 0.30 1.10 4.20 N.D. 36.8 N.D. N.D. 36.85 2.52 80.6
991 0.75 0.20 0.40 2.00 5.75 N.D. 37.5 N.D. N.D. 37.49 2.60 105
1487 0.80 0.20 0.50 2.25 6.05 N.D. 37.6 N.D. N.D. 37.65 2.67 118
1979 0.66 0.15 0.40 2.45 6.25 N.D. 36.1 N.D. N.D. 36.10 2.52 128
2472 0.60 0.15 0.50 3.00 7.00 N.D. 353 N.D. N.D. 35.34 2.46 135
2962 0.78 0.15 0.50 3.00 7.85 N.D. 34.7 N.D. N.D. 34.72 2.39 139
3450 0.79 0.20 0.55 3.35 8.30 N.D. -
3940 0.70 0.20 0.50 4.00 8.00 N.D. 34.8 N.D. N.D. 34.81 2.36 143
4321 0.67 0.20 0.50 4.00 8.00 N.D. 34.8 N.D. N.D. 34.75 2.35 145
9 (15°S, 88°E; water depth: 2351 m)
10 52 N.D. 1.80 0.09 1.60 0.20 49.7 N.D. N.D. N.D. N.D. 0.08 1.65
30 N.D. 1.45 0.08 0.55 0.20 374 N.D. N.D. N.D. N.D. 0.08 1.69
60 N.D. 1.55 0.08 0.60 0.20 31.6 N.D. N.D. N.D. N.D. 0.08 1.73
100 N.D. 1.55 0.05 0.10 0.20 21.5 N.D. N.D. N.D. N.D. 0.08 1.86
150 0.10 0.50 0.10 0.10 0.50 13.8 11.3 0.03 N.D. 11.30 0.79 11.9
200 0.19 0.30 0.20 0.10 0.90 12.4 14.8 N.D. N.D. 14.77 1.02 17.6
239 0.22 0.20 0.30 0.10 1.20 10.5 17.2 N.D. N.D. 17.22 1.15 20.8
298 0.20 0.10 0.20 0.10 1.00 33 17.8 N.D. N.D. 17.79 1.24 20.6
399 0.14 0.10 0.20 0.10 1.00 2.3 17.4 N.D. N.D. 17.38 1.16 12.0
497 0.28 0.10 0.30 0.10 2.00 3.3 20.6 N.D. N.D. 20.55 1.43 16.0
745 0.61 0.20 0.40 0.35 4.00 2.3 36.3 N.D. N.D. 36.35 2.54 68.5
992 0.76 0.20 0.50 1.15 5.50 0.7 37.8 N.D. N.D. 37.80 2.69 83.2
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Table 5. (Continued)

Station MLD Trace metals concentrations (nmol/kg) Macronutrients concentrations (LM)
Depth (m) (m) dcd dMn dFe dCu  dZn dPb*  [NOs] [NOy] [NH4] DIN [POs*]  [Si(OH)4]
9 (15°S, 88°E; water depth: 2351 m)
1485 0.79 0.20 0.51 1.90 6.20 N.D 37.8 N.D. N.D. 37.75 2.64 112
1979 0.73 0.20 0.50 2.00 6.55 4.0 36.6 N.D. N.D. 36.64 2.59 121
2289 0.78 0.20 0.50 2.00 7.10 N.D 36.0 N.D. N.D. 35.96 2.50 121
10 (19.9°S, 88°E; water depth: 1873 m)

10 34 N.D. 1.85 0.10 2.27 0.29 39.8 N.D. N.D. N.D. N.D. 0.07 1.79

30 N.D. 1.60 0.10 1.09 0.21 352 N.D. N.D. N.D. N.D. 0.07 1.86

60 N.D. 1.66 0.08 0.98 0.27 34.1 N.D. N.D. N.D. N.D. 0.06 1.93
100 N.D. 1.57 0.05 0.98 0.22 342 N.D. N.D. 0.12 0.12 0.07 2.23
149 N.D. 1.10 0.12 0.87 0.31 30.6 1.25 0.12 N.D. 1.37 0.18 3.19
198 N.D. 0.88 0.20 0.88 0.19 27.7 0.94 0.11 N.D. 1.05 0.16 2.48
272 N.D. 0.39 0.42 0.88 0.34 21.7 4.10 N.D. N.D. 4.10 0.37 4.63
297 N.D. 0.36 0.12 0.66 0.24 20.9 4.36 N.D. N.D. 4.36 0.40 4.62
397 ND. 029 0.17 0.69 0.35 153 6.87 N.D. N.D. 6.87 0.58 2.20
497 N.D. 0.19 0.19 0.70 0.26 14.4 12.0 N.D. N.D. 11.96 0.87 3.23
744 0.38 0.18 0.39 1.01 1.88 13.0 27.8 N.D. N.D. 27.85 1.85 25.0
991 0.72 0.22 0.44 1.59 4.70 12.6 36.9 N.D. N.D. 36.87 2.55 75.1
1486 0.78 0.17 0.50 2.13 5.83 6.6 36.8 N.D. N.D. 36.84 2.58 97.0
1818 0.73 0.19 0.65 1.94 6.77 5.8 36.5 N.D. N.D. 36.46 2.50 109

Note : *Pb indicated dPb concentrations in pmol/kg unit
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Table 6. Dissolved trace metal and macronutrient concentrations in The Bay of Bengal during KH-13-4 cruise

Station MLD Trace metals concentrations (nmol/kg) Macronutrients concentrations (M)
D(iﬁ;h (m) dCd dMn dFe dCu dZn dPb [NOs7] [NOy]  [PO4*] [Si(OH)4]
BA-1 (21.2 °N, 92°E; water depth: 32m)
6 10 0.07 3.31 0.95 6.01 0.53 0.06 0.06 0.08 0.17 8.72
10 0.07 3.15 1.12 6.4 0.46 0.06 0.03 0.07 0.17 6.85
16 0.08 3.45 1.27 5.18 0.45 0.06 0.15 0.08 0.16 6.02
24 0.08 4.03 1.35 4.51 0.6 0.07 0.28 0.05 0.11 4.93
BA-3 (20.8°N, 92°E; water depth: 32 m)
5 18 0.08 3.18 0.79 5.82 0.63 0.06 0.04 0.11 0.21 4.9
10 0.08 2.78 1.13 4.71 0.5 0.06 0.06 0.1 0.21 5.01
21 0.1 2.44 1.06 4 0.35 0.06 0.21 0.24 0.36 5.49
22 0.07 1.72 0.94 3.92 0.5 0.06 - - - -
BA-5 (20.4°N, 92°E; water depth: 67 m)
5 44 0.09 5.21 1.35 5.69 1.71 0.11 0.06 0 0.01 1.94
10 0.12 5.12 0.95 3.36 1.12 0.12 0.24 0 0.01 2.43
20 0.09 5.1 1.08 3.75 1.26 0.11 0.15 0 0.01 2.05
30 0.12 3.49 1.2 3.28 0.88 0.08 - - - -
45 0.07 2.22 1.4 3.55 0.68 0.06 0.62 0.22 0.08 3.32
55 0.07 1.58 1.32 3.27 0.69 0.06 0.84 0.27 0.1 3.33
MY-11 (19°N, 92.5°E; water depth: 1986 m)
5 39 0.1 53 1.2 6.27 1.53 0.1 0 0 0.04 1.7
10 0.08 5.31 0.77 4.27 1.64 0.1 0 0 0.04 2.05
20 0.05 4.93 0.92 4.35 1.27 0.1 0.01 0 0.06 2.06
50 0.33 3.42 0.33 4.35 0.98 0.06 1.23 0.25 0.18 4
52 0.05 3.08 0.48 4.42 0.78 0.05 1.37 0.23 0.23 32
99 0.33 1.18 0.65 2.25 1.84 0.04 20.02 0 1.46 13.03
160 0.61 6.89 1.77 1.59 2.65 0.02 27.51 0.01 2.06 23.69
200 0.49 22 13.4 1.62 2.3 0.01 30.65 0.01 2.03 31.52
300 0.66 4.24 2.08 1.94 3.1 0.01 36.48 0 2.64 40.71
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Table 6. (Continued)

Station MLD Trace metals concentrations (nmol/kg) Macronutrients concentrations (M)
D(iﬁ;h (m) dCd dMn dFe dCu dZn dPb [NOs7] [NOy]  [PO4*] [Si(OH)4]
MY-11 (19°N, 92.5°E; water depth: 1986 m)
400 0.78 1.33 2.1 1.8 2.74 0.02 36.25 0 2.5 47.01
600 1.08 1.22 2.06 2.5 3.57 0.01 38.7 0 2.75 62.33
800 0.97 0.87 1.13 2.5 3.98 0.01 39.5 0 2.45 76.91
1000 1 0.51 0.88 3.14 4.88 0.01 - - - -
1500 0.95 0.48 0.71 3.38 6.59 0.01 38.68 0 248 107.31
2000 0.96 1.84 1.41 3.59 7.7 0.01 36.28 0.01 2.54 122.5
MY-9 (17°N, 92.5°E; water depth: 2406 m)
5 56 0.07 3.72 0.42 54 0.92 0.095 0.02 0 0 1.47
10 0.13 3.75 0.41 5.77 0.78 0.108 0 0 0 1.14
20 0.14 3.81 0.4 4.05 0.86 0.104 0 0 0 1.14
50 0.17 3.42 0.4 4.33 0.63 0.1 0 0.08 0 1.24
56 0.39 3.95 0.43 6.14 0.79 0.07 1.21 0.31 0.09 2.67
100 0.45 0.94 0.83 3.13 1.53 0.06 24.23 0.03 1.29 12.52
200 0.66 0.59 0.91 0.52 2.53 0.06 - - - -
229 0.72 0.95 1.12 2.78 2.44 0.04 34.42 0 2.44 36.29
400 0.77 1.22 1.79 2.73 3.19 0.03 36.87 0 2.17 47.29
600 0.98 1.03 1.92 2.91 3.38 0.03 41.2 0 2.69 61.34
800 1.03 0.97 1.54 3.17 4.47 0.03 39.41 0 2.71 76.78
1000 1.05 0.67 1.29 3.46 4.45 0.02 35.34 0.02 2.56 76.38
1500 0.9 1.23 1.39 4.02 6.63 0.02 40.57 0 2.82 112.74
2000 0.95 1.72 1.15 4.48 7.17 0.01 - - - -
2385 0.9 1.5 1.75 4.89 7.34 0.01 36.89 0 2.01 142.18
MY-7 (15°N, 92°E; water depth: 2723 m)
5 59 0.06 4.12 0.4 3.92 1.3 0.1 0 0 0 1.66
10 0 3.17 0.61 3.37 0.98 0.07 0 0 0 2.1
20 0.1 3.77 0.83 3.68 0.97 0.09 0 0 0 1.97
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Table 6. (Continued)

Station MLD Trace metals concentrations (nmol/kg) Macronutrients concentrations (M)
D(ig;h (m) dCd dMn dFe dCu dZn dPb [NOs7] [NOy]  [PO4*] [Si(OH)4]
MY-7 (15°N, 92°E; water depth: 2723 m)
50 0.32 3.7 1.17 3.32 0.81 0.09 0 0.02 0 1.82
62 0.06 2.52 1.02 2.33 0.84 0.06 0.63 0.14 0.08 2.8
100 0.55 1.39 0.63 1.54 0.05 21.65 0.03 1.58 11.31
200 0.76 0.74 0.79 3.19 2.58 0.03 31.67 0 2.35 315
234 0.52 0.66 0.86 2.23 2.4 0.02 34.84 0 1.95 35.35
400 0.84 0.63 1.56 2.13 2.74 0.03 - - - -
600 0.85 0.63 1.2 3.72 0.02 39.32 0 2.14 57.84
800 0.91 0.5 0.78 33 3.66 0.02 39.29 0 2.04 74.19
1000 0.98 0.51 0.78 2.86 3.71 0.02 42.75 0 3.08 83.5
1500 0.94 0.34 0.78 4.13 3.72 0.02 40.34 0.01 2.37 113.16
2000 1.05 0.34 0.64 4.06 4.09 0.01 43.96 0 2.98 127.51
2500 0.88 0.42 0.83 4.42 6.75 0.01 37.48 0 2.01 130.9
2700 0.73 0.94 1.07 4.97 7.36 0.02 37.6 0.03 2.56 137.49
NR-1 (6.5°N, 90°E; water depth: 2872 m)
5 73 0.05 2.54 0.31 2.35 1.04 0.06 0 0.05 0.08 1.52
10 0.07 2.48 0.35 243 1.28 0.06 0 0.03 0.09 1.5
19 0.08 2.48 0.26 2.19 1.03 0.07 - - - -
20 0.06 2.4 0.12 2.04 0.57 0.06 0 0.03 0.1 1.66
49 0.06 2.49 0.2 2.03 1.17 0.06 - - - -
100 0.11 0.72 0.38 1.94 0.83 0.04 11.52 0.04 0.58 10.04
200 0.55 0.41 0.72 1.44 2.17 0.03 29.94 0 2.03 29.89
274 0.64 0.41 0.81 1.2 291 0.02 33.11 0.01 2.05 31.71
300 0.64 0.36 0.88 1.44 2.11 0.02 33.45 0.01 2.2 33.95
400 0.69 0.4 0.9 1.33 2.45 0.02 34.38 0.02 2.35 37.86
600 0.83 0.34 0.87 1.67 2.56 0.01 36.81 0 2.51 57.58
800 0.73 0.33 0.78 1.69 4.27 0.01 36.57 0.01 2.63 73.5
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Table 6. (Continued)

Station MLD

Trace metals concentrations (nmol/kg)

Macronutrients concentrations (LM)

Depth

(m) (m) dCd dMn dFe dCu dZn dPb [NOsT] [NO:] [PO4*] [Si(OH)4]
NR-1 (6.5°N, 90°E; water depth: 2872 m)

1000 0.87 0.2 0.71 1.35 2.96 0.01 37.93 0.02 2.71 83.66

1500 0.79 0.21 0.71 2.31 4.7 0.01 37.97 0 2.15 107.37

2000 0.81 0.19 0.54 2.24 8.48 0.01 36.61 0.03 2.51 130.11

2842 0.85 0.38 0.93 3.53 8.25 0.01 34.93 0.02 2.36 135.29
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Figure 1. Distribution of chlorophyll-a fluorescence in upper 500 m across the Eastern Indian Ocean
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Figure 2. The dFe concentration as function of phosphate at 100 — 1000 m depth. A) A strong linear correlation
between dFe and phosphate in the OMZ of station 9 at 100 — 1000 depth, and B) the correlation of dFe and phosphate

over the whole transect.
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Figure 3. Section distributions of macronutrients in the Bay of Bengal during KH-13-4.
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Figure 4. Vertical profiles of trace metals and macronutrients concentrations in the Bay of Bengal.
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Figure 4. Continued.
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