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Abstract

Understanding the formation mechanisms of polymeric silicates is essential to the study
of microbiology and biogeochemistry. It has implications for the growth of diatoms and
dinoflagellates and studying the processes that control the dissolution, precipitation, and
biological uptake of different silicates species can provide an understanding of the
occurrence of toxic blooms. This study examines the seasonal distribution of
monomeric and polymeric silicates in the brackish and freshwater lakes of Japan.
Inductively coupled plasma atomic emission spectroscopy was used to detect and
quantify total dissolved silicates (TSi) and the spectrophotometric molybdenum blue
method was used to detect molybdate reactive silicates (monomers to tetramers). The
difference between the concentrations obtained via these two methods was used to
determine the concentrations of polymeric silicates. Polymeric silicates were detected in
anoxic-reducing pore waters from sediments of the freshwater Lake Biwa and Lake
Kawaguchi in Japan, with a maximum concentration of 0.42 mmol L. Polymeric
silicate was continuously detected as long as the lake bottom environments remained
under anoxic-reducing conditions. It provides insights on the formation mechanisms of
polymeric silicates in freshwater lakes. The polymerization of silicates is understood to
occur during the adsorption reaction between monomeric silicates and Fe(OH)s
precipitate. Furthermore, this polymerization is deemed to be a dehydration
condensation reaction because the silicates adsorbed on Fe(OH)s precipitate are situated
at short distances from each other. In the anoxic-reducing environments, these
monomeric and polymeric silicates are released from ferric hydroxide (Fe(OH)s)

precipitate by reacting with hydrogen sulfide.
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Introduction

Dissolved silicate is an essential nutrient for aquatic organisms, and it is mainly used
by diatoms to form their skeletons (Perry and Keeling-Tucker 2000; Yee et al. 2003,
Lacombe et al. 2007). Diatoms account for approximately 25% of the global net
primary production of aquatic organisms (Willén 1991) and interfere with the growth of
dinoflagellates which are among the leading causes of red tides (Furumai 2012).

Dissolved silicate is supplied to lakes and oceans through rivers and groundwater
(Ning 2002; Lacombe et al. 2007; Cornelis et al. 2011). Soluble silicate is usually in the
form of a monomer (HsSiOa4). The average concentrations of dissolved silicate are 0.2
mmol L in freshwaters (Aston 1983; Willén 1991) and 0.1 mmol L in oceans
(Tréguer et al. 1995).

Dissolved silicate is removed from the water column via two pathways: biological
uptake, such as that which occurs during excessive growth of diatoms (Schelske and
Stoermer 1971; Li et al. 2006); and precipitation, caused by the adsorption of dissolved
silicate onto Fe(OH)s precipitate (Tallberg 2000). These precipitates sink to the bottoms
of lakes and oceans and are buried in the sediment for long periods, as long as the
environment remains oxidative. Eventually, the dissolved silicate in a lake becomes
depleted (Fischer and Knoll 2009).

When the concentration of dissolved monomeric silicate exceeds 1.4 mmol Lt in
15 °C water, the silicates are converted to various polymeric silicate species (Zuhl and
Amjad 2013). Some researchers have mentioned the presence of polymeric silicate
species in natural waters with low molecular weights, ranging from silicate dimers to
pentamers, at concentrations below their solubilities (George et al. 2000; Tanaka et al.

2013). These silicate species can be measured using the molybdenum blue method
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(O'Connor 1961).

Diatoms can biologically utilize dissolved silicates ranging from monomers to linear
tetramers (Tanaka et al. 2013). The growth of diatoms is depressed by a lack of these
light silicates and an increase in polymeric silicates with high molecular weights. A lack
of diatom growth results in the rapid growth of harmful phytoplankton (Schelske and
Stoermer 1971; Conley et al. 1993), such as dinoflagellates that produce neurotoxins
(Wang 2008). Therefore, a study on the formation mechanisms of polymeric silicates is
essential from the perspectives of microbiology and biogeochemistry.

Gas-liquid chromatography (Tarutani 1989) and nuclear magnetic resonance spectra
(Sjoberg 1996) are applied as qualitative and quantitative methods for analyzing
polymeric silicates. However, the most convenient analytical method is to combine
inductively coupled plasma atomic emission spectroscopy (ICP-AES) and the
spectrophotometric molybdenum blue method. According to O'Connor (1961),
dissolved silicates that are monomers to linear pentamers are measurable within 5 min
of the reaction time using the molybdenum blue method. The ICP-AES can measure TSi
irrespective of the chemical species in the solutions (Tallberg 2000). Therefore, the
concentration of polymeric silicates larger than pentamers can be calculated as the
difference between the analytical results of ICP-AES and those of the molybdenum blue
method.

Isshiki et al. (1991) analyzed seawater using this method and reported that the
concentration of TSi increased with water depth; however, they could not observe a
difference between ICP-AES results and those of the molybdenum blue method. They,
therefore, concluded that polymeric silicate did not exist in seawater.

However, polymeric silicates have been found to occur seasonally in the pore water



90  of freshwater lakes such as Lakes Biwa and Kawaguchi in Japan (Park and Sugiyama
91  2018). Although the TSi concentrations were lower than the solubility of monomeric
92 silicate, polymeric silicates were detected in the pore water. In contrast, polymeric
93 silicates were not detected in brackish lake waters since the analytical results of ICP-
94  AES and the molybdenum blue method were precisely the same for all brackish lakes
95  such as Lakes Nakaumi, Suigetsu, and Suga in Japan. In freshwater lakes, the lake
96  bottom environment changes to an anoxic-reducing environment during summer,
97  causing a rapid increase in the concentrations of TSi and H.S + HS™ in the pore water.
98  This phenomenon indicates that the elution mechanism of silicates in freshwater lakes
99  may be similar to that of phosphates in anoxic-reducing environments (Valdes et al.
100  2002). Although Swedlund and Webster (1999) reported that the eluted silicate was
101 adsorbed onto the surface of Fe(OH)s to form a polymer, there has been no report on the
102 chemical species of dissolved silicates in anoxic-reducing lake sediments. Furthermore,
103  the adsorption and desorption processes of dissolved silicates and the stability of
104  polymeric silicates remain poorly understood. In this study, we discuss the seasonal and
105  vertical distributions of monomeric and polymeric silicates in the sediment of some
106  brackish and freshwater lakes of Japan and clarify the formation mechanism of
107  polymeric silicate by investigating polymerization sites and timing that occurs during
108  the adsorption reaction between dissolved silicates and Fe(OH)a.
109
110
111 Materials and methods
112 Study areas

113 As the representative of brackish lakes, we selected Lakes Nakaumi, Suigetsu, and
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Suga in Japan. These lakes have sufficiently abundant dissolved salts to classify them as
brackish lakes. The salinities in the hypolimnion layers are all above 10 psu (g kg™), at
30, 12, and 11 psu for Lakes Nakaumi, Suigetsu, and Suga, respectively.

Previous studies have reported that these lakes are eutrophic (Maekawa et al. 1982;
Kusunoki and Sakata 2018). We observed that anoxic and reducing conditions were
reinforced during the summer season at the sampling points, located at 35.43°N,
144.27°E in Lake Nakaumi, 35.58°N, 135.88°E in Lake Suigetsu, and 35.58°N,
135.90°E in Lake Suga (Fig. 1). The water depths at the sampling points in Lakes
Nakumi, Suigetsu, and Suga were 15, 33, and 12 m, respectively.

As the representative of freshwater lakes, we selected Lakes Biwa and Kawaguchi in
Japan. Lake Biwa is the largest lake in Japan. It is situated in the western part of Japan
(Fig. 1, 35.52°N, 136.20°E; Tanaka 1992) and can be divided into the northern and
southern basins (Pollingher 1990). The southern basin is eutrophic and has an average
depth of 5 m, with algal blooms occurring periodically in summer (Nalewajko and
Murphy 2001). In this study, water and sediment samples were collected from February
to December 2017 from an area (Fig. 1, 35.00°N, 135.57°E), in the south-eastern part of
the southern basin, which was dredged to provide sediments and soils for the
construction of an artificial island alongside it (Terashima and Ueda 1982). The samples
were collected from a maximum depth of 13 m below the surface of the lake over an
area of 0.25 km2. An anoxic hypolimnion typically appears in this area for several
months of the year due to the thermal stratification of lake water during summer
(Kawashima et al. 1985).

Lake Kawaguchi is located in the central part of Japan (Kyotani et al. 2005;

Yamamoto et al. 2017). This lake is eutrophic, can be divided into the western, eastern,
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and Funatsu (south-eastern) basins and has a maximum water depth of 16.1 m
(Nagasaka et al. 2002). Samples were collected at 35.51°N, 138.73°E from a depth of
11.3 m in the western basin (Fig. 1), where dissolved oxygen typically undergoes

seasonal depletion in the hypolimnion layer, similar to the dredged area of Lake Biwa.

Sampling and pretreatment

Water depth, electrical conductivity, water temperature, dissolved oxygen (DO), and
chlorophyll-a were measured using a multi water-quality profiler (Rinko-Profiler ASTD
102, JFE Advantech Co., Ltd., Japan). All water samples were collected using a water
sampler (Niskin-X sampling bottles, General Oceanics, Inc., USA) and filtered using
0.45-um polyvinylidene difluoride (PVDF) filters (Millex-HV syringe filter, Merck
Millipore Ltd., Germany) within 2 h of collection. Ultrapure nitric acid (HNOgz, 60 %,
Kanto Kagaku, Japan) was added to all filtrates to adjust the concentration of HNO3 to
0.02 mol L and prevent the formation of Fe(OH)s.

Sediment samples were collected using a core sampler (HR-type core sampler, Rigo,
Co., Inc., Japan). Pore water samples were filtered through a 0.45-um PVDF filter, and

HNO3 was added to the filtrate as described above.

Reagents

Highly purified Milli-Q water (Milli-Q Water Purification System ZD21-100sp,
Millipore, Japan) was used in all laboratory experiments. Deoxygenated water was
prepared by bubbling 99.99% nitrogen gas into 1000 mL of Milli-Q water for 1 h before
use. In laboratory experiments, the pH of each sample solution was adjusted to 7 using

dilute HCI or NaOH solutions.
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Silicon standard solution (1000 mg-Si L, NaSiOs in 0.2 mol L Na,CO3, Wako
Pure Chemical Industries, Ltd., Osaka, Japan) was used to analyze silicates. Moreover,
disodium molybdate (V1) dihydrate (Na2M00O4-2H>0, Wako Pure Chemical Industries,
Ltd., Osaka, Japan) was used as a coloring reagent. L-(+)-tartaric acid (Nakarai Tesque,
INC., Kyoto, Japan) was used to remove the interference of phosphate. L-(+)-ascorbic
acid (Wako Pure Chemical Industries, Ltd., Osaka, Japan) was used as a reducing agent

for yellow silico-molybdate complexes.

The dissolved iron (DFe; Fe*) solution was prepared using an iron standard solution
(1000 mg-Fe L1, Fe(NOz3)s in 0.275 mol Lt HNO3 (Nakarai Tesque, INC., Kyoto,
Japan)). The NaxS solution was prepared by dissolving sodium sulfide nonahydrate
(Na2S-9H,0, Wako Pure Chemical Industries, Ltd., Osaka, Japan) in deoxygenated

Milli-Q water, prepared as mentioned above.

Determination of dissolved silicate, dissolved iron, and total dissolved hydrogen
sulfide

A spectrophotometer (Autoanalyzer, UV-VIS Spectrophotometer I, Bran Luebbe,
Japan) and an inductively coupled plasma atomic emission spectrometer (ICP-AES;
Optima 5000Z, Perkin-Elmer, Japan) were used to measure the concentration of
dissolved silicate and distinguish the silicate species. Spectrophotometric determination
of dissolved silicate was carried out using the molybdenum blue method at 660 nm
(Hansen and Koroleff 1999).

In this study, the dissolved silicate concentrations measured using a
spectrophotometer and ICP-AES are expressed as molybdate reactive silicates (MSi:

silicates ranging from monomer to linear pentamer species (O’Connor 1961)) and TSi,

8
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respectively. The concentration of dissolved polymeric silicates (PSi: polymerized
silicate species larger than pentamers) was calculated by subtracting MSi concentrations
from TSi concentrations.

Dissolved iron and total hydrogen sulfide concentrations were analyzed using ICP-
AES and spectrophotometry, respectively. Spectrophotometric determination of total
hydrogen sulfide was carried out using the methylene blue method at 667 nm (Sugahara

et al. 2010).

Laboratory experiments
Adsorption of dissolved silicate onto ferric hydroxide

In the adsorption reaction of dissolved silicates onto Fe(OH)s, the polymerization
ratio of silicates was examined for 120 days. A mixed solution was prepared, containing
0.7 mmol L of MSi and 0.1 mmol L of DFe. To confirm the polymeric silicate
production by adsorption, the molar concentration ratio of Si: Fe in the mixed solution
was set to 7:1. The pH value of this solution was adjusted to 7.0 using the minimum
required volume of concentrated NaOH or HCI solutions to form Fe(OH)s precipitates.
This solution was stored for 120 days at ambient temperature.

A 10 mL quantity of the mixed solution was collected on particular days, and then
immediately filtered using a Nucleopore filter (pore size: 0.40 um, diameter: 47 mm,
Whatman). The MSi and TSi in the filtrate were then measured. The precipitate
collected on the filter was reacted with 10 mL of 0.02 mol L"* HNOj3 solution for one
day until it dissolved into the solution. The MSi and TSi concentrations in this solution
were measured. PSi concentrations were calculated from these MSi and TSi

concentrations.
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Stability of PSi

The experiments were performed in the order shown in Fig. 2. The Fe(OH)s was
precipitated in a mixed solution (1.0 mmol L of MSi, 0.1 mmol L of DFe) by
adjusting the pH of the solution to 7.0. After 6 months, this solution was divided into
four fractions. Each fraction was then filtered through 0.40-um Nucleopore filters. The
MSi and TSi concentrations in each filtrate were measured using the molybdenum blue
method and ICP-AES, respectively.

The precipitates were treated using the procedure shown in Fig. 2. To quantify the
relative proportions of MSi and PSi under oxic and anoxic conditions, we divided the
experimental conditions into four fractions, such as HNO3 + Aeration, HNO3 +
Anaeration, NazS + Aeration, and NazS + Anaeration.

The precipitate of the first fraction was added to 100 mL of 0.02 mol L™* HNO3 (pH
2.20 + 0.03) to dissolve the Fe(OH)s precipitate. Prior to this procedure, the HNO3
solution was well aerated by bubbling atmospheric air filtered with air filters (CCF-050-
D1B and CCF-010-D1B, Capsule filter, pore size: 0.5 and 0.1 um, Advantec, Japan),
and the DO concentration was approximately 8.9 mg-Oz L. This solution was re-
filtered with a Nucleopore filter (pore size: 0.20 um, diameter: 25 mm, Whatman). This
re-filtrate was continuously monitored for changes in the concentrations of MSi, PSi,
TSi, DO, and total dissolved hydrogen sulfide (H.S + HS") for 14 days under ambient
air conditions and room temperature. This experimental condition is hereafter referred
to as “HNOs + Aeration”.

The second fraction was also dissolved with 100 mL of 0.02 mol L' HNO3 (pH 2.20

+ 0.03). However, this HNOs solution was first deoxygenated by bubbling with nitrogen

10
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gas. This solution was also re-filtered and then stored in a polyethylene bottle sealed
with plastic film. This bottle was put into a polyethylene bag together with an open
bottle containing Na>SOs solution, as an oxygen-adsorbing agent, to protect from the
invasion of atmospheric oxygen. This experimental condition is hereafter referred to as
“HNOs + Anaeration”. The filtrate was continuously monitored in a manner similar to
that for the first fraction.

The precipitates from the third and fourth fractions were reacted with 100 mL of 0.3
mmol L NazS solution (pH 7.10 + 0.05) for one day. The Fe(OH)s precipitate was
converted to ferrous sulfide precipitate. Here, the NazS solution was prepared using
deoxygenated Mili-Q water. Each solution was filtered again using a 0.20-um
Nucleopore filter to obtain the re-filtrate. These solutions were stored under aerobic and
anaerobic conditions for 14 days, respectively. They were also continuously monitored,
as in the case of the first fraction. These experimental conditions are hereafter referred

to as “NazS + Aeration” and “Na»S + Anaeration”, respectively.

Results and Discussion
Distribution of silicate species in brackish lakes

Figures 3 and 4 show MSi and TSi concentrations in the pore waters of each
brackish lake. In Lakes Nakaumi, Suigetsu, and Suga, MSi concentrations coincided
with TSi concentrations in the pore waters. However, we noted the absence of PSi in the
brackish lakes, even though the TSi concentration in the pore water of Lake Nakaumi
was five times the solubility of MSi. In pore water of brackish lakes, the concentration

of dissolved silicates exceeded by the solubility of MSi is attributed to the reduction of

11
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Fe(OH)s by H2S in the anoxic-reducing environment; the subsequent reactions result in
the formation of ferrous sulfide (FeS) and the dissolution of silicates that had been
adsorbed onto Fe(OH)s. The same situation has been reported for Lake Nakaumi in our
previous work (Park et al. 2020). Even from a thermodynamic point of view, this
hypothesis is sufficiently valid. Fukusawa et al. (1995) have already shown that the iron
in a brackish lake such as Lake Suigetsu is directly reduced by H.S. They suggest that
the iron reduction process depends on the lake water characteristics. Furthermore,
Lehtoranta et al. (2009) reported that the eutrophication of lakes had accelerated the
conversion of the dominant species from iron-reducing bacteria to sulfate-reducing
bacteria. This change in the biogeochemical characteristics of the sediments accelerates

the production of H2S, which then directly reduces Fe(OH)a.

Distribution of silicate species in freshwater lakes

Figure 5 shows the vertical distribution of DO in the water columns of Lakes Biwa
(September 21, 2017) and Kawaguchi (September 30, 2017). Figures 6 and 7 show the
vertical distributions of DFe, H.S + HS™, TSi, MSi, and PSi concentrations in pore
waters of the freshwater lakes. In both lakes, the DO was depleted in the pore water and
hypolimnion layer (Fig. 5). The TSi concentration in the pore water was slightly higher
in Lake Biwa than in Lake Kawaguchi, but the difference was not significant. The PSi
concentrations were 0 to 0.42 mmol L™ in Lake Biwa and 0 to 0.23 mmol L in Lake
Kawaguchi (Fig. 7). The concentrations of DFe and H>S + HS™ in the pore waters were
higher in Lake Biwa compared to that in Lake Kawaguchi (Fig. 6).

Figure 8 shows the variation of DO concentration at a depth of 12 m (just above the

lake bottom) in Lake Biwa from February 14 to December 15, 2017. From February to

12
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April and from October to December, the DO was high in the hypolimnion layer.
However, from mid-May to mid-September, the environment of the bottom layer was
anoxic and reducing (Fig. 8), and concentrations of DFe, H>S + HS™, and TSi increased
(Fig. 9). The maximum PSi concentration in the pore water was 0.40 mmol L™ at a
depth of 5 cm in September 2017 and it accounted for approximately 33% of the TSi.

The highest concentration of dissolved silicate was reported for ground water (1.0
mmol L*; Krauskopf and Bird 1995) and it has been suggested that dissolved silicate
exists in a polymeric form because, at this concentration, it is close to the monomeric
silicate solubility (1.4 mmol LY).

Van der Weijden (2007) stated that this highly concentrated dissolved silicate, eluted
from the lake sediments, likely originated from biomaterials such as diatom debris.
However, Lehtimaki et al. (2016) reported that the silicates eluted from sediments in an
anoxic-reducing freshwater lake were derived from inorganic oxides such as metal

oxides, and not biogenic silica.

Adsorption of dissolved silicate onto ferric hydroxide precipitate and its
polymerization

Figure 10 shows the changes in the adsorption ratio of silicate onto Fe(OH)s over 120
days. In this experiment, the fractions of PSi and MSi in the Fe(OH)s precipitate were
determined after the dissolution of the Fe(OH)s precipitate in a 0.02 mol L't HNO3
solution, as described in the method section. The sum of TSi (PSi and MSi)
concentrations in the filtrate and the precipitate coincided with the initial concentration
of silicate detected at the beginning of the experiment. Only MSi was identified in the

filtrate, while PSi was not detected during the entire experimental period.

13
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The adsorption ratio of silicate continuously increased over time. The adsorption
ratio was 45% on day 0, and then increased to 68% over the following 120 days. The
concentration of MSi in the precipitate was 0.32 mmol L™ on day 0 and had decreased
to 0.21 mmol L by the 40" day. On the 120" day, MSi in the precipitate had decreased
to 0.20 mmol L. By contrast, the PSi concentration showed a value close to 0.00 mmol
L* on the initial day but increased to 0.21 mmol L™ on the 40" day and 0.29 mmol L™
on the 120" day. The ratio of PSi to TSi concentrations in the precipitate increased from
0% on day 0 to 50% on the 40" day and 60% on the 120" day (Fig. 10). These results
show that silicates were transferred from the aqueous solution to the precipitate via
adsorption in the solution. After adsorption, MSi on Fe(OH)3z was polymerized to PSi.

It is noteworthy that PSi was only detected in the precipitate and that the initial MSi
in the mixed solution was 0.7 mmol L, which was less than half of the solubility of
MSi. Therefore, the adsorption of dissolved silicates is inferred as an essential process

for the polymerization of silicates.

Stability of PSi

The annual change in the distribution profile of PSi and TSi in Lake Biwa (Fig. 9)
shows that TSi concentrations were lower than 1.4 mmol L, but PSi concentrations
were stable in the lake bottom throughout the anoxic-reducing period. Thus, it was not
clear how the PSi could dissolve in the pore water for an extended period under such
conditions.

Figure 11 presents the stability of PSi eluted from Fe(OH)z3 precipitates in different
conditions. A decrease in PSi concentration was observed only in aerobic conditions,

namely the HNOs + Aeration and NaS + Aeration conditions. Furthermore, PSi

14
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concentration under HNOz + Aeration was rapidly depleted, only two days after
aeration. With NazS + Aeration, PSi concentration decreased from 0.44 mmol L on the
1st day to 0.34 mmol L on the 3rd day (Fig. 11), when H,S + HS™ decreased to 0 mmol
L (Fig. 12).

On the other hand, in anaerobic conditions (anoxic-reducing conditions, HNO3z/NaxS
+ Anaeration), the initial PSi concentration was maintained for 14 days of the
experiment, regardless of the chemical composition of the solution. Therefore, these
results suggest that PSi is stabilized under anaerobic conditions. In other words, PSi is
generally only observed in anaerobic water. Unfortunately, the precise mechanism by
which PSi is stabilized under anaerobic conditions is unknown at present. We will study

this mechanism in detail in the future.

Conclusion

Polymerization of dissolved silicate was found to occur after its adsorption onto
Fe(OH)s in an oxidative environment, even if the TSi concentration was lower than 1.4
mmol L™, the solubility of monomeric silicate. The PSi was only detected in the pore
water of freshwater lakes where H>S was generated in anoxic-reducing conditions.
When HS reacts with Fe(OH)s to form FeS, MSi and PSi in the hydroxide are released
into the pore water. Moreover, this PSi dissolves steadily in an anoxic-reducing

environment.
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Figure legends
Figure 1 Sampling points in each lake (Lake Nakaumi, 35.43°N 144.27°E; Lake Suigetsu,
35.58°N 135.88°E; Lake Suga, 35.58°N 135.90°E; Lake Biwa, 35.00°N 135.57°E; Lake

Kawaguchi, 35.51°N 138.73°E).

Figure 2 Schematic experimental process to evaluate PSi stability. The 0.4-um nuc
leopore filter was used to separate the silicates adsorbed on Fe(OH)s precipitate f
rom the initial solution (the mixture of MSi and DFe). Moreover, the 0.2-um nu
cleopore filter was used to remove FeS precipitate, including the colloidal FeS c

ompletely.

Figure 3 Vertical profiles of TSi ((1), MSi (O), and PSi (A) in the pore water of Lake

Nakaumi (August 21, 2017). No significant difference was observed between TSi and

MSi concentrations.

Figure 4 Vertical profiles of TSi (L1), MSi (O), and PSi (A) in the pore waters of Lakes

Suigetsu (left) and Suga (right) on May 20, 2017.

Figure 5 Vertical profiles of DO in Lake Biwa (@, September 21, 2017) and Lake

Kawaguchi (O, September 30, 2017).

Figure 6 Vertical profiles of DFe and H2S + HS™ in the pore waters of Lake Biwa (@,

September 21, 2017) and Lake Kawaguchi (O, September 30, 2017).

Figure 7 Vertical profiles of TSi (LJ), MSi (O), and PSi (A) in the pore waters of Lake

Biwa (left; September 21, 2017) and Lake Kawaguchi (right; September 30, 2017).
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Figure 8 Annual change in DO concentration in the hypolimnion layer (water depth: 12

m) of Lake Biwa.

Figure 9 Vertical profiles of DFe (), H2S +HS™ (A), TSi (1), MSi (O), and PSi (A)
in the pore water of Lake Biwa from March 14 to December 15, 2017.

Figure 10 Formation of polymeric silicate in the adsorption reaction of silicate onto

ferric hydroxide, over 120 days. Only the concentrations of TSi ((J), MSi (O), and PSi

(A) in the precipitate are presented.

Figure 11 Stability of PSi under each set of conditions, namely HNO3 + Aeration (O),

HNO; + Anaeration ([]), Na2S + Aeration (@), and NazS + Anaeration (A), over 14
days.
Figure 12 Changes in the concentration of H>S + HS™ and DO under each set of

conditions, over two weeks. o: DO in HNOs + Aeration, @: DO in Na,S + Aeration,

/A H2S + HS in NazS + Aeration, and A: H2S + HS™ in NaxS + Anaeration. Note that

concentrations of DO in HNOs + Anaeration, DO in NaxS + Anaeration, and H>S + HS™
in HNOz + Aeration/Anaeration have been omitted because these values were 0 mg-O>

Lt (DO) or 0 mmol L (H2S + HS") throughout the experimental period.
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523  Figure 1 Sampling points in each lake (Lake Nakaumi, 35.43°N 144.27°E; Lake Suigets
524 u, 35.58°N 135.88°E; Lake Suga, 35.58°N 135.90°E; Lake Biwa, 35.00°N 135.57°E; La
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| 1.0 mmol L™ MSi and 0.1 mmol L™ DFe (Fe*") at pH 7.0 (1000 mL)

| Storage for 6 months

First Fraction Second Fraction Third Fraction Fourth Fraction
(HNO; + Aeration) (HNO; + Anaeration) (Na,S + Aeration) (NayS + Anaeration)

Filtration (0.40-um Nucleopore Filter)

I
I

i
1
1

i

| Filtrate H Precipitate | | Filtrate || Precipitate [ | Filtrate || Precipitate | | Filtrate H Precipitate |
\
Chemical | | 0.02 mol L*| | Chemical | |0.02 mol L | | Chemical | |0.3 mmol L?| | Chemical | [0.3 mmol L
Analysis HNO, Analysis HNO; Analysis Na,S Analysis Na,S
100 mL 100 mL 100 mL 100 mL

Filtration (0.20-um Nucleopore Filter)

Leave for 0 - 14 days under each condition

i i i
%i

527 | Chemical Analysis for MSi, TSi, PSi, DO and total dissolved hydrogen sulfide (H,S + HS") |

528  Figure 2 Schematic experimental process to evaluate PSi stability. The 0.4-um

529  nucleopore filter was used to separate the silicates adsorbed on Fe(OH)s precipitate
530 from the initial solution (the mixture of MSi and DFe). Moreover, the 0.2-um

531  nucleopore filter was used to remove FeS precipitate, including the colloidal FeS

532  completely.

533
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535  Figure 3 Vertical profiles of TSi ([]), MSi (O), and PSi (A) in the pore water of Lake

536  Nakaumi (August 21, 2017). No significant difference was observed between TSi and

537  MSi concentrations.
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542  Figure 4 Vertical profiles of TSi ([J), MSi (O), and PSi (A) in the pore waters of Lakes
543  Suigetsu (left) and Suga (right) on May 20, 2017.
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547  Figure 5 Vertical profiles of DO in Lake Biwa (@, September 21, 2017) and Lake

548  Kawaguchi (O, September 30, 2017).
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Figure 6 Vertical profiles of DFe and H2S + HS™ in the pore waters of Lake Biwa (@,

September 21, 2017) and Lake Kawaguchi (O, September 30, 2017).
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555  Figure 7 Vertical profiles of TSi ([]), MSi (O), and PSi (A) in the pore waters of Lake

556  Biwa (left; September 21, 2017) and Lake Kawaguchi (right; September 30, 2017).
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561  Figure 8 Annual change in DO concentration in the hypolimnion layer (water depth: 12
562 m) of Lake Biwa.
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566  Figure 9 Vertical profiles of DFe (ll), H2S +HS™ (A), TSi (L), MSi (O), and PSi (A)
567 in the pore water of Lake Biwa from March 14 to December 15, 2017.
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570  Figure 10 Formation of polymeric silicate in the adsorption reaction of silicate onto
571  ferric hydroxide, over 120 days. Only the concentrations of TSi ([J), MSi (O), and PSi

572 (A)in the precipitate are presented.
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Figure 11 Stability of PSi under each set of conditions, namely HNO3z + Aeration (O),

HNO;3 + Anaeration (C1), NazS + Aeration (@), and Na,S + Anaeration (A ), over 14

days.
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Figure 12 Changes in the concentration of H>S + HS™ and DO under each set of

conditions, over two weeks. [J: DO in HNOs + Aeration, @: DO in Na,S + Aeration,

/A H2S + HS in NapS + Aeration, and A: H>S + HS™ in NaxS + Anaeration. Note that

concentrations of DO in HNOs + Anaeration, DO in NaxS + Anaeration, and H>S + HS™
in HNOz + Aeration/Anaeration have been omitted because these values were 0 mg-O»

Lt (DO) or 0 mmol L (H2S + HS") throughout the experimental period.
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