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Abstract 15 

Dissolved silicate (DSi) and particulate silica (PSi) concentrations were measured at 16 

Arakawa River and at sewage treatment plants (STP) during October 2018 to October 17 

2019. These included flooding observations after super Typhoon Hagibis. At ordinary 18 

water levels, the STP effluents were found to be the largest source of DSi in the river. 19 

Although DSi concentrations during the flooding events (165 mol L-1) decreased by 20 

about 25% compared to that of ordinary water level (221 mol L-1), PSi was more than 21 

sixteen times higher value (301 mol L-1) compared to that of ordinary water level (18 22 

mol L-1). Loading amounts of DSi and PSi (±1 standard error) were 1.5 × 108 (±0.1 × 23 

108) and 0.15 × 108 (±0.02 × 108) mol year-1, respectively, excluding the data of Typhoon 24 

Hagibis. Loading amounts during flooding events of DSi and PSi were 1.2 × 108 (±0.1 × 25 

108) and 2.4 × 108 (±0.4 × 108) mol 15days-1, respectively. Although the silica loading at 26 

ordinary water level was mainly derived from DSi, the silica loading during flooding 27 

events was extremely large due to both high level of DSi and PSi; moreover, it was higher 28 

than the annual loading amount. 29 

 30 
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1. Introduction 34 

Dissolved silicate (DSi) in water is an essential component for some aquatic plants 35 

and organisms. Primary production of diatoms accounts for about 45% of the primary 36 

production of the entire ocean (Nelson et al., 1995; Rousseaux and Gregg, 2014). 37 

Although DSi is naturally supplied to water by the weathering process, with 38 

aluminosilicates dissolved in rainwater, river water, groundwater, and seawater, human 39 

activity has also affected the silica cycle (Tréguer and de la Rocha, 2013). Dams act as 40 

one of the major sinks of DSi because they increase the water residence time, inducing 41 

diatom blooms and particulate silica (PSi) sedimentation (Wei et al., 2015; Yang et al., 42 

2018; Maavara et al., 2020). In contrast, supply from farmland, groundwater, and sewage 43 

treatment plants (STP) is one of the sources of DSi (van Dokkum et al., 2004; Sferratore 44 

et al., 2006; Kumagai et al., 2011). Silicate fertilizers have been applied for a long time 45 

to stabilize rice yield, but fertilizer application rates have been decreasing since the 1970s 46 

in Japan (Furumai et al., 2012). DSi concentrations in groundwater is high because some 47 

coastal aquifers consist of aluminosilicates (e.g., Ragueneau et al., 2006). However, 48 

penetration of rainwater into groundwater was reduced significantly because roads, rivers, 49 

and waterways were covered by concrete along with coastal urbanization. Most of the 50 

rainwater flows through the ground surface and flows into STPs. As a result, direct 51 

discharge of groundwater into the river is small proportion of freshwater balance in highly 52 

urbanized coast area of Tokyo (Furumai, 2008). Although there were few research studies 53 

on the fluctuation of DSi by the sewage treatment process, Maguire and Fulweiler (2017) 54 

reported that the concentrations of DSi between inflow and effluent waters did not change 55 

significantly. In addition, the DSi concentration in river water increased after the inflow 56 

of STP effluents because groundwater which is higher concentration than river water is 57 
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used as domestic water (Inoue and Akagi, 2006).  58 

At present, there is concern about material cycling change derived from climate change 59 

in the ocean (Bindoff, in press). Extreme weather has increased due to increased seawater 60 

temperature, atmospheric heat, and water vapor (Staten et al., 2018; Chauvin et al., 2020). 61 

As a result, the outflow of river water is predicted to increase due to the increase in 62 

precipitation and typhoons (Scavia et al., 2002; Touma et al., 2019). Furthermore, if 63 

global warming continues, the westerly wind over Japan will move northward due to 64 

changes in the atmospheric circulation, resulting in the decrease of moving speed of the 65 

typhoon in recent decades (Yamaguchi et al., 2020). Therefore, the flooding event 66 

frequency and the scale may increase. However, few studies have been conducted on the 67 

fluctuations of DSi during flooding events, and it is difficult to predict future changes. 68 

Understanding the riverine silicon cycling with flooding event will help to project the 69 

potential influences of further riverine climate change in the future. 70 

 71 

2. Study site and methods 72 

The basin area of the Arakawa river is 2940 km2 and the total length is 173 km. The 73 

land use of the basin is 43% forest, 28% urban area, and 7% paddy field (Nihei et al., 74 

2007). Although the urban area is 28% of the basin, there are 24 STPs in the basin due to 75 

its population being 9.75 million. There are three dams in the upper stream of the Arakawa 76 

river, but it is not affected by domestic drainage. In the middle part, there are paddy fields 77 

spread throughout the watershed, with progressive urbanization. The downstream area is 78 

densely populated with urban areas, and a large amount of domestic wastewater flows in. 79 

Therefore, about half of the downstream river water is reported to be treated sewage water 80 

(Kubo et al., 2015; Kubo et al., 2017). 81 
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Observations were made every two months from October 2018 to October 2019. In 82 

October 2019, three samplings were conducted on October 12 and 13 (only station A25) 83 

and October 26 (all stations) after the flooding events. Sampling was performed at 10 84 

stations from the upper stream to downstream (Figure 1). Single water samples were 85 

collected at the center of river channel from the bridge using the bucket. There is a dam 86 

between observation points A2 and A3. There are STPs between observation points A18 87 

and A25, and the sewage treatment population is about 3.5 million, which is the largest 88 

in the Arakawa basin. 89 

Water temperature and electrical conductivity were measured after collecting surface 90 

water by a bucket (EC300, YSI nanotech Inc., OH, USA). Then, the water was collected 91 

in 1L polycarbonate bottles. The collected samples were immediately filtered through a 92 

glass fiber filter (GF/F, pore size about 0.7 m, Whatman, UK) and a nuclepore filter (PC 93 

MB, pore size 0.6 m, Whatman, UK). The filtrate from a nuclepore filter was stored in 94 

a polypropylene tube (SARSTEDT, Germany) for analysis of DSi and phosphate. After 95 

filtering, the glass fiber filter was placed in a polypropylene tube (SARSTEDT, Germany) 96 

containing N,N-dimethylformamide for chlorophyll a (Chl a) measurement (Suzuki and 97 

Ishimaru, 1990); the nuclepore filter was placed in a polypropylene tube (SARSTEDT, 98 

Germany) for PSi analysis. 99 

DSi and phosphate were measured within one month using the molybdenum blue 100 

method of Hansen and Koroleff (1999) and Murphy and Riley (1962), respectively, using 101 

a spectrophotometer with a syringe shipper unit (UVmini1240, Shimadzu, Japan). As DSi 102 

is known to form a polymer during freezing (MacDonald et al., 1986), the samples were 103 

defrosted with hot water at about 40 oC, and then returned to room temperature before 104 

analysis. Samples frozen for one month have a minor DSi loss of up to only 1% (Becker 105 
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et al., 2019). In addition, we compared the DSi concentrations of defrosted with hot water 106 

at 40 oC for 3 hours, 50 oC for 3 hours (Becker et al., 2019), and refrigerator for 4 days 107 

(Zhang and Ortner, 1998) after 10 days frozen. The DSi concentrations of defrosted with 108 

three method were not significantly different each other (two tailed t-test, p>0.2, n=5). 109 

PSi was measured by the alkali extraction method (Krausse et al., 1983; Ragueneau and 110 

Treguer, 1994; Hashihama, 2018). At first, the filter samples were dried at 60℃ and 10 111 

mL of 0.2 mol L-1 NaOH were added to the filter in the tube. The tubes were soaked in 112 

water bath at 100℃ for 15 min. After cooling, 10 mL of 0.2 mol L-1 HCl were added. 113 

Finally, filter the solution with nuclepore filter to remove suspended matter and the 114 

concentrations were measured using the molybdenum blue method as with the same 115 

method of DSi. In this study, mineral silica and biogenic silica were not analyzed 116 

separately, so PSi was considered as the total amount of particulate silica. Chl a 117 

concentration was measured using a fluorometer (Trilogy, Turner Degins, Sunnyvale, CA, 118 

USA).  119 

There is a correlation between discharge rate and water level in the Arakawa river 120 

(Tanaka et al., 2007). Therefore, the water level and discharge rate curve is created from 121 

the data on river water level and the discharge rate from January 1, 2015 to December 31, 122 

2017 (Kanto Regional Development Bureau: https://www.ktr.mlit.go.jp/index.htm). This 123 

is because discharge rate during the observation periods were unpublished data. The 124 

created water level and discharge curve is, as follows: 125 

 126 

𝐷 ሺ𝑚ଷ/sሻ ൌ 80.7 ൈ ሾ𝑊𝐿ሿଶ ൅ 552.1 ൈ ሾ𝑊𝐿ሿ ൅ 954.4 （𝑟ଶ ൌ 0.974）   （1） 127 

 128 

D means discharge rate (m3 s-1) and WL indicates the water level (m) at the river. River 129 
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discharge rate was calculated by substituting the water level data from October 1, 2018 130 

to October 31, 2019 (Kanto Regional Development Bureau: 131 

https://www.ktr.mlit.go.jp/index.htm) into the above equation. 132 

Loading amount of DSi, PSi, and phosphate during ordinary water level (365 days from 133 

October 1, 2018 to September 30, 2019) and flooding events (15 days from October 12, 134 

2019 to October 26, 2019) were estimated using Beal’s unbiased ratio estimator (Beale, 135 

1962; Ricker, 1973; Dolan et al., 1981; Fulweiler and Nixon, 2005). This method is 136 

ideally suited to those situations where there is an abundance of flow information with 137 

respect to a tributary, but there is relatively little information on the concentration (Dolan 138 

et al., 1981; Richards and Holloway, 1987; Richards, 1999). The loading amount 139 

estimation is, as follows: 140 

 141 
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 143 
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 145 
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 147 

where, 𝜇௬ means loading amount (mol year-1), 𝜇௫ means averaged water discharge rate 148 

(m3 s-1), 𝑚௬ means daily loading for days when concentrations were determined, 𝑚௫ 149 

means daily discharge on those days when concentrations were determined. n means the 150 

number of samplings. 151 
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 152 

3.  Results and Discussion 153 

3.1 Spatial and temporal variations of DSi and PSi 154 

Spatial and temporal variations of DSi and PSi concentrations at each station are shown 155 

in Figure 2 and Table S1. The concentration of DSi and PSi increased downstream. The 156 

highest concentrations of DSi and PSi were observed at station A18 and A25, respectively. 157 

At station A2 in the reservoir lake, DSi concentrations decrease from spring to summer. 158 

In contrast, PSi concentrations increase from spring to summer. From stations A3 to A9, 159 

the fluctuations were minimal and constant throughout the year. In contrast, the seasonal 160 

variations were large in the middle and lower river stations, but no clear seasonal change 161 

was observed. In the middle and downstream, PSi concentrations increased during spring 162 

and summer, and the variability was larger than in the upper stream. Although phosphate 163 

concentrations in the upper stream stations were lower than the detection limit, the 164 

concentration increased downstream (Figure 2). Highest concentration was observed at 165 

station A25. In the middle and downstream, phosphate concentrations decreased during 166 

summer and autumn. 167 

At station 2, seasonal variation in DSi concentration shows an inverse correlation with 168 

that of PSi (R2=0.70, p<0.05). As active photosynthesis occurred at the dam lakes, as 169 

reported by Maavara et al. (2020), DSi reduced. In contrast, Chl a and PSi increased. 170 

From station A3 to A5 downstream of the dam, the DSi concentration was higher than 171 

that of station A2. This is probably because DSi concentration increased again due to the 172 

release of PSi from the dam, leading to dissolution downstream. Furthermore, inflow 173 

from a tributary and/or groundwater with higher DSi concentration than dam lake water 174 

is considered. Therefore, the effect of DSi removal at the dam lake is a minor contribution 175 
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to the middle and downstream. 176 

Regardless of the observation months, DSi concentration increased in the middle river 177 

(station A17 and A18), which had the largest STP in the basin. River flow from the upper 178 

stream of Arakawa river and the STP effluent discharge from the basin was in the ratio of 179 

1: 1 (Kubo et al., 2015; Kubo et al., 2017). Therefore, the average DSi concentrations at 180 

station A14 in the middle of the Arakawa river basin (134.3 ± 37.2 mol L-1), which is 181 

not affected by the STP effluent, is mixed with the STP effluent (291.0 ± 68.9 mol L-1) 182 

at a ratio of 1: 1. The mixed concentration is about 213 mol L-1, which is about the same 183 

concentration as the average DSi concentration at stations A17 (257.0 ± 39.5 mol L-1) 184 

and A18 (234.5 ± 49.7 mol L-1). Therefore, the large increase in DSi concentrations in 185 

the middle river was due to inflow of STP effluents. Direct inflow of groundwater to the 186 

river may have a great impact as a source of DSi to Arakawa river. Since there was no 187 

significant increase in DSi concentrations from the upper stream to the middle stream, the 188 

effect of direct groundwater discharge in the upper stream was small. On the other hand, 189 

increase of DSi and phosphate concentrations in the middle river (stations A17 and A18) 190 

could be direct discharge of groundwater. The concentrations of DSi in groundwater 191 

around the observation station (579 ± 174 mol L-1, n=12; Miyashita, 2004) were 192 

significantly higher than those in middle river water (246 ± 46 mol L-1) and STP effluent 193 

(291 ± 69 mol L-1). In contrast, phosphate concentrations in groundwater around the 194 

observation station (<1.0 mol L-1, n=12; Miyashita, 2004) were significantly lower than 195 

those in middle river water (5.0 ± 3.2 mol L-1) and STP effluent (12.4 ± 5.6 mol L-1). 196 

Therefore, the contribution ratio of the direct inflow of groundwater was likely low 197 

because phosphate concentrations as well as DSi concentrations was also increased in the 198 

downstream. However, there are few data on direct inflow of groundwater in Arakawa 199 
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river, so further research is needed to quantify nutrient source to the river water. 200 

The ratio of DSi/phosphate in the middle part of the river (St. 14; 205.2 ± 121.5), which 201 

was not affected by the STP effluent were much higher than that of STP effluent (27.5 ± 202 

14.9). As a result, the ratio was greatly reduced in the downstream that was strongly 203 

affected by the inflow from the STP (St. 17, 18, and 25; 82.4 ± 64.8). The ratio of 204 

DSi/phosphate in STP effluent is dramatically different compared to the upper and middle 205 

stream water. Tokyo Bay which is the Arakawa river estuary was phosphorus depleted 206 

coastal area throughout the year and DSi depleted only spring (28.0 ± 23.9; Kubo et al., 207 

2019). Therefore, if the inflow of STP effluent increases in the future, not only the 208 

phosphorus depletion but also the DSi depletion in Tokyo Bay may further accelerate.209 

 210 

3.2 Loading amount of silicon during flooding event 211 

The average discharge rate of the Arakawa river from October 1, 2018 to September 212 

30, 2019 was 24.2 m3 s-1; data of October 2019 was unavailable due to the super typhoon 213 

(Figure S1). Typhoon Hagibis (minimum pressure 915 hPa, maximum wind speed 55m 214 

s-1), which occurred on the eastern part of the Mariana Islands on October 6, 2019 and 215 

landed on Japan on the October 12, 2019, caused heavy precipitation on the 11th. 216 

Precipitation from October 11th and 12th was 488 mm (JMA; 217 

http://www.jma.go.jp/jma/index.html). The discharge rate also increased immediately 218 

after Typhoon Hagibis and reached a maximum of 2162.6 m3 s-1. Immediately after 219 

Typhoon Hagibis, Typhoon Bualoi passed through the eastern part of Tokyo, also causing 220 

heavy rainfall. Precipitation at this time was 182 mm from October 18 to 25. The 221 

discharge rate increased again and reached a maximum of 735.8 m3 s-1. 222 

On October 12 and 13, 2019, observations were conducted only at the station A25; on 223 
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October 26, observations were made at all stations. At station A25, DSi concentration on 224 

October 12, 13, and 26 was 174.5, 169.1 and 151.7 mol L-1, respectively, and PSi 225 

concentration was 394.1, 270.7 and 237.0 mol L-1, respectively (Table S2). The 226 

phosphate concentrations were 3.5, 2.0, and 1.8 mol L-1, respectively. Spatial variations 227 

of DSi, PSi, and phosphate on October 26, 2019 are presented in Figure 3. Large change 228 

in concentration was not observed from upper stream to downstream, unlike the ordinary 229 

water level. The average concentration at all stations of DSi, PSi, and phosphate were 230 

182.3 ± 38.0, 156.1 ± 72.5, and 1.5 ± 1.1 mol L-1, respectively. The DSi, PSi, and 231 

phosphate concentrations at station A25 during ordinary water level were 220.9 ± 27.7, 232 

18.2 ± 16.1, and 11.9 ± 5.6 mol L-1, respectively. The DSi concentration during the 233 

flooding event was slightly lower than that during ordinary water level; the phosphate 234 

concentration was two to seven times lower than that during ordinary water level. In 235 

contrast, the PSi concentration during the flooding events was about 16 times higher than 236 

that during ordinary water level. The DSi and phosphate concentrations were almost the 237 

same as in the middle river during ordinary water level. In other rivers, the DSi 238 

concentrations during flooding events were also lower than that during ordinary water 239 

level (Zhang et al., 2009; Herbeck et al., 2011; Chen et al., 2018; Su et al., 2018). The 240 

DSi concentration of rainwater was very low (Sferratore et al., 2006). In addition, the DSi 241 

concentration of rainwater collected at the Arakawa river basin of upper stream water was 242 

lower than the detection limit. This means that DSi was diluted by the rain, leading to a 243 

decrease in its concentrations. Su et al. (2018) reported that the release of DSi solute-rich 244 

soil waters could induce a greater contribution to the loading amount during storm events 245 

rather than silicate bedrock weathering. Therefore, flooding events promoted DSi rich 246 

soil water export from the basin because dilution derived from rainwater was low. 247 
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The loading amount of DSi was 1.2 × 108 (±0.1 × 108) mol 15days-1 during flooding 248 

events (15 days from October 12, 2019 to October 26, 2019). It was equivalent to the 249 

annual DSi loading during ordinary water level, which was 1.5 × 108 (±0.1 × 108) mol 250 

year-1 (365 days from October 1, 2018 to September 30, 2019). The loading amount of 251 

PSi was 0.15 × 108 (±0.02 × 108) mol year-1 during ordinary water level and was 2.4 × 252 

108 (±0.4 × 108) mol 15days-1 during flooding events, which was about 16 times higher. 253 

As a result, the load of silicon was 1.7 × 108 (±0.1 × 108) mol year-1 during ordinary water 254 

level and it increased by two times during flooding events to 3.6 × 108 (±0.4 × 108) mol 255 

15days-1. During ordinary water level, the ratio of PSi to the total amount of silicon load 256 

was about 9.1%, but at the time of flooding, it was about 67%. The amount of estimated 257 

phosphate load was 6.0 × 106 (±1.7 × 108) mol year-1 during ordinary water level and was 258 

2.0 × 106 (±0.4 × 108) mol 15days-1 during flooding events, which was about 30% of 259 

annual loading. During the ordinary water level period from October 1, 2018 to 260 

September 30, 2019, there were a few flooding events due to the Typhoon. However, the 261 

effects of these typhoons were very small because the precipitation was about 30 to 60 262 

mm. Therefore, higher amounts of silicon and phosphate, which were estimated in 263 

previous studies, may be supplied to the estuary during large-scale flooding events. 264 

 265 

Conclusion 266 

The concentrations of DSi and PSi were measured at Arakawa River from upper stream 267 

to downstream throughout the year included flooding event. The large increase in DSi 268 

concentrations in the middle river was due to inflow of STP effluents throughout the year. 269 

In addition, the ratio of DSi/phosphate was greatly reduced in the downstream due to 270 

input of low DSi/phosphate water from STPs. During flooding events for 15 days, loading 271 
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amounts of DSi and PSi were 80% and 1600% compared to annual loadings during 272 

ordinary water level, which were excluded flooding events. Tropical storms are largely 273 

associated with material export from the land to the ocean (Thomas, 1994; Kao and 274 

Milliman, 2008; Kao et al., 2010; Milliman and Farnsworth, 2011; Lévyetal, 2012; 275 

Menkesetal, 2016). In the coming years, extreme weather due to climate change and 276 

heavy rainfall due to typhoons is expected to increase (Staten et al., 2018; Yamaguchi et 277 

al., 2020). Therefore, it is necessary to continuously accumulate data on mass transport 278 

during large-scale flooding events and to estimate changes in the material cycle in coastal 279 

waters in the future. 280 

 281 
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Figure 1. Map of the Arakawa River. Locations of sampling points are indicated by black 432 

circles. 433 

 434 

Figure 2. Seasonal and spatial variations of (a) DSi, (b) PSi, and (c) phosphate 435 

concentrations. X-axis indicates the distance from upper stream water. Black circle 436 

indicates the data of October 2018, Cross indicates December 2018, white circle 437 

indicates February 2019, Black square indicates April 2019, Diamond indicates June 438 

2019, Black square indicates August 2019.  439 

 440 

Figure 3. Spatial variations of (a) DSi (black circle) and PSi (cross) concentrations, and 441 

(b) phosphate concentrations on October 26, 2019 during the flooding events. X-axis 442 

indicates the distance from upper stream water.  443 
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