
 

Instructions for use

Title Subarctic wintertime dissolved iron speciation driven by thermal constraints on Fe(II) oxidation, dissolved organic
matter and stream reach

Author(s) Morita, Yuichiroh; Yamagata, Kei; Oota, Atsuki; Ooki, Atsushi; Isoda, Yutaka; Kuma, Kenshi

Citation Geochimica et cosmochimica acta, 215, 33-50
https://doi.org/10.1016/j.gca.2017.07.009

Issue Date 2017-10-15

Doc URL http://hdl.handle.net/2115/75762

Rights © 2017. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/

Rights(URL) http://creativecommons.org/licenses/by-nc-nd/4.0/

Type article (author version)

File Information Kuma GCA 2017 Morita et al-1.pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP

https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp


 1 

Subarctic wintertime dissolved iron speciation driven by thermal 1 
constraints on Fe(II) oxidation, dissolved organic matter and stream 2 
reach 3 
 4 

 5 
Yuichiroh Morita, Kei Yamagata, Atsuki Oota, Atsushi Ooki, Yutaka Isoda, and Kenshi 6 
Kuma* 7 

 8 

Faculty of Fisheries Sciences, Hokkaido University, 3–1–1 Minato, Hakodate, 9 

Hokkaido 041–8611, Japan 10 
 11 
 12 

*Corresponding author: Kenshi Kuma,  13 

4–7–19 Nanaehama, Hokuto-shi, Hokkaido 049–0111, Japan 14 

Tel:+81–138–49–5081; E-mail: kuma@fish.hokudai.ac.jp 15 

 16 

 17 

 18 

Short Title: Iron speciation in subarctic river 19 

Key words: iron speciation, subarctic river, iron transport, reducing sediment, 20 

groundwater, redox, rate limiting 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 



 2 

Abstract 30 

 We studied the seasonal variations in Fe(II), Fe(III), humic-like dissolved organic 31 

matter (DOM), nitrate and nitrite (NO3+NO2), and silicate (Si(OH)4) in river waters of 32 

three subarctic rivers flowing into Hakodate Bay in southwestern Hokkaido, Japan from 33 

May 2010 to February 2014. High Fe(II) concentrations were detected in winter at the 34 

sampling sites where the river bottom was comprised of sandy or silty sediment, 35 

primarily the lower and middle reaches of the rivers. Conversely, from early spring to 36 

late autumn Fe(II) levels were low or undetectable. We infer that soluble Fe(II) 37 

concentration in these subarctic river waters is driven by the balance between the influx 38 

of Fe(II) to the river and the Fe(II) oxidation rates that determines the dynamics in 39 

Fe(II) concentration in the river water. The Fe(II) may originate from reductive 40 

dissolution of Fe(III) in the river sediment or from Fe(II)-bearing groundwater. The 41 

latter seems to be the most likely source during winter time. The high Fe(II) 42 

concentrations during winter is predominantly attributed to the extremely slow 43 

oxidation rate of Fe(II) to Fe(III) at low water temperature rather than to an actual 44 

increase in the flux of reduced Fe(II). Nevertheless, we propose that the flux of reduced 45 

Fe(II) from river sediments and groundwater in lowland area of the catchment to 46 

overlying river waters might be the most important sources of iron in river waters. This 47 

provides an important insight into the role of river processes and the interaction between 48 

climate and river morphology in determining the inputs of iron to subarctic coastal 49 

marine waters. 50 

 51 

 52 

 53 

 54 

 55 

 56 
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1. INTRODUCTION 57 

 58 

 Iron is one of the most important micronutrients for phytoplankton growth in oceans 59 

and coastal waters. The sources for iron in these ecosystems are rivers, the atmosphere, 60 

shelf sediments, and submarine groundwater discharge. Many studies highlight the 61 

potential importance of sedimentary iron sources for coastal waters and even the open 62 

ocean (Croot and Hunter, 1998; Elrod et al., 2004; Johnson et al., 1999; Lam et al., 63 

2006; Ussher et al., 2007; Hurst et al., 2010; Severmann et al., 2010). Recently, it has 64 

been reported that the release of Fe(II) from reducing sediments of the continental shelf 65 

is an important source of iron in coastal waters (Lohan and Bruland, 2008; Homoky et 66 

al., 2012a, b; Noffke et al., 2012; Hioki et al., 2014 and 2015; Chever et al., 2015). 67 

Enrichment of iron in pore fluids and bottom waters is driven by the reductive 68 

dissolution of insoluble Fe(III) during the decomposition of organic matter in the 69 

sediment (Pakhomova et al., 2007; Noffke et al., 2012; Chever et al., 2015). However, 70 

our understanding of the biogeochemical and physical mechanisms that regulate iron, 71 

humic-like dissolved organic matter (DOM) and nutrients in river and lake waters is still 72 

limited although there are a lot of literature on the these mechanisms including redox 73 

processes and reductive dissolution of insoluble Fe(III) and nutrient dynamics in lakes, 74 

rivers, and wetlands (e.g., Shenker et al., 2005; Maassen and Balla, 2010). 75 

 Sediments can serve as sink or source with respect to iron and nutrients in the water 76 

column. The oxidation–reduction state (redox potential) of sediment is an important 77 

parameter affecting iron speciation and solubility (Stigliani, 1988). Anoxic conditions in 78 

sediment can promote a change from insoluble Fe(III) to soluble Fe(II), resulting in a 79 

flux of reduced Fe(II) from the river bottom sediment and groundwater to the water 80 

column. Conversely, oxidizing conditions in the water column oxidize soluble Fe(II) to 81 

insoluble Fe(III) by the formation of Fe(III) hydroxide (Baes and Mesmer, 1976; 82 

Millero et al., 1987; Millero and Sotolongo, 1989; Gonzalez-Davila et al., 2006; 83 
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Gonzalez et al., 2010).  84 

 In this study, we measured seasonal variations in river water of iron (Fe(II), dissolved 85 

Fe (D-Fe), and total Fe (T-Fe)), humic-like DOM measured as humic-like–fluorescence 86 

intensity (humic-F intensity), nitrate and nitrite (NO3+NO2), and silicate (Si(OH)4) in 87 

three subarctic rivers in southern Hokkaido, Japan. The three rivers were in close 88 

proximity to one another but displayed some differences in catchment land use and 89 

riverbed composition (predominance of gravel-cobble-boulder, sand, or silt). Our goal 90 

was to identify factors controlling the seasonal variations in iron (primarily Fe(II) and 91 

T-Fe), humic-like DOM, NO3+NO2, and Si(OH)4 in these subarctic river waters in 92 

relation to the redox conditions of the sediment–water interface. 93 

 94 

2. MATERIALS AND METHODS 95 

 96 

2.1. Study area and sample collection 97 

 The study area (Fig. 1) is located in southwestern Hokkaido, which is usually 98 

snow-covered from the middle of December to early March in the coastal lowlands and 99 

from early November to the middle of May in mountainous areas. Daily average air 100 

temperatures in winter (December–March) in the lowlands for 2010–2014 ranged from 101 

0 to –6°C, with minimum temperatures being in the range of –10 to –20°C. For the 102 

same period, the daily average air temperatures during summer (June–September) were 103 

15–24°C with maximum temperatures being in the range 26–33°C. Historical daily air 104 

temperature data were obtained from the daily climate normals in 2010–2014 for 105 

Hokuto, Hokkaido (Japan), close to the sampling stations, which were supplied by the 106 

Japan Meteorological Agency. 107 

 The rivers that were the subjects of the study were the Kunebetsu, the Oono, and the 108 

Moheji, all of which flow into Hakodate Bay in southwestern Hokkaido, Japan (Fig. 1, 109 

Table 1). The Kunebetsu River has a watershed of 123 km2 and possesses several large 110 
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tributaries, which are probably influenced by the inflow of drainage from paddy fields. 111 

The lower and middle reaches of the river pass through a large agricultural plain 112 

(vegetables and paddy fields). The Oono River has a watershed of 111 km2 and no 113 

distinct tributaries, and although the lower and middle reaches pass through an 114 

agricultural plain (mainly vegetables fields), there is extremely less influence of 115 

drainage inflow. The Moheji River originates in a mountainous area and has the 116 

smallest watershed, 96 km2, which comprises mostly steep hills covered in temperate 117 

deciduous forest with a small agricultural plain at the lower reach. The riverbed 118 

conditions at the lower-middle reaches of the Moheji River are remarkably different 119 

from those of the other two rivers (Table 1). 120 

 Sampling of the river water was conducted once or twice per month under low and 121 

normal river flow conditions from May 2010 to February 2014 at a sampling location in 122 

the lower reach (approximately 250–500 m far from the sea) of each of the three rivers. 123 

The sampling sites in the lower reach of the Kunebetsu, the Oono, and the Moheji 124 

Rivers are KR-1, OR-1, and MR-1, respectively (Fig. 1). Salinity of all river water 125 

samples, which were measured by a salt tester (Salt Testr 11, Eutech Instruments), was 126 

below 0.20 g/1000g. Therefore, the sampling locations were free of tidal and brackish 127 

water influences. An additional series of sampling was conducted, also once or twice 128 

per month in low and normal river flow, from May 2013 to February 2014 at locations 129 

in the lower (OR-1 and OR-2), middle (OR-3), and upper (OR-4 and OR-5) reaches of 130 

the Oono River (Fig. 1).  131 

 We collected surface water samples from the river center (maximum bottom depth: 132 

1–2 m) from bridges using an acid-cleaned 5 L high-density polyethylene sampling 133 

bucket lowered to the water surface by rope. Approximately 10 mL of the sample was 134 

immediately (within 30 s of collection) transferred for on-site Fe(II) analysis into a 135 

acid-cleaned 15 mL polypropylene tube containing 200 µL of 0.01 mol ferrozine 136 

solution [0.514 g of ferrozine per 100 mL of Milli-Q water (ρ = 18.2 MΩ·cm)]. The 137 
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remaining water was used to fill acid-cleaned 1 L low-density polyethylene bottles for 138 

laboratory analyses of iron (D-Fe and T-Fe), NO3+NO2, Si(OH)4, and humic F-intensity. 139 

Acid-cleaning the sampling bucket, bottles, and tubes was carried out by soaking for 3 140 

days with 3 M hydrochloric acid and then washing with Milli-Q water. 141 

 The 1 L bottles containing water samples were immediately placed into an insulated 142 

cooler box containing ice packs and promptly taken back to the laboratory and 143 

immediately processed as follows: The water samples for D-Fe, NO3+NO2, Si(OH)4, 144 

and humic F-intensity were filtered through acid-cleaned 0.22 µm nitrocellulose 145 

membrane filters (GSWP04700, Merck Millipore). The filtered samples (7–8 mL) for 146 

NO3+NO2 and Si(OH)4 were placed in 10 mL acrylic tubes and immediately frozen and 147 

kept below –20°C in the dark until analyzed. The remaining filtered samples were used 148 

for analyses of D-Fe and humic F-intensity. Unfiltered samples were used for T-Fe 149 

analysis. 150 

 151 

2.2. Determination of iron speciation 152 

 On-site Fe(II) concentrations were determined spectrophotometrically in the field 153 

within 1 min of collection using the modified ferrozine method (Stookey, 1970; Kuma 154 

et al., 1992 and 1995). The absorbance of the Fe(II)-ferrozine complex was measured at 155 

a fixed wavelength of 560 nm with a 1 cm glass cuvette against Milli-Q water by a 156 

compact photometer (model AP-1000M, APEL Co. Ltd., Saitama, Japan). The 157 

absorbance was corrected by subtracting the absorbance of a pure river water sample, 158 

i.e., without ferrozine water solution and reagent blank for ferrozine. The method 159 

detection limit of Fe(II) is estimated to 0.2 µmol L–1 with a 1 cm cuvette. The relative 160 

standard deviation (n = 5) was 3.0% at the 2 µmol L–1 level.  161 

 In the laboratory, D-Fe (filtered samples) and T-Fe (unfiltered samples) 162 

concentrations were determined using the ferrozine method (Stookey, 1970). Briefly, 163 

for both types of sample, 10–50 mL of sample was transferred to a 125 mL Erlenmeyer 164 
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flask and 1 mL of acid regent solution was added. The acid reagent solution consisted of 165 

514 mg of ferrozine, 10 g of hydroxylamine hydrochloride as a reducing reagent, and 50 166 

mL of concentrated hydrochloric acid (about 12 mol L–1) per 100 mL of solution 167 

(Stookey, 1970). The acidified solution was heated in a flask on a hot plate and held at 168 

the boiling point for 10 min. Consequently, the solution lost approximately 5 mL of 169 

water via the boiling. After the solution was cooled to room temperature, 1 mL of 170 

ammonium acetate buffer solution (40 g of ammonium acetate and 35 mL of 171 

concentrated ammonium hydroxide (about 14 mol L–1) per 100 mL of solution (pH 5.5), 172 

Stookey, 1970) was added. The buffered solution was then quantitatively transferred to 173 

a 50 mL volumetric flask and the contents diluted to the mark with Milli-Q water. The 174 

absorbance was measured at 562 nm in 1 cm or 5 cm glass cuvettes by 175 

spectrophotometer (model U-2001, Hitachi Co. Ltd., Japan). The absorbance for D-Fe 176 

was corrected by subtracting those of the filtered water and reagent blank, and the 177 

absorbance of T-Fe was corrected by subtracting those of unfiltered river water and 178 

reagent blank. However, the acid reagent solution may be responsible for dissolving 179 

particles present in the unfiltered river water blank leading to reduced apparent 180 

absorption due to light scattering. The spectrophotometer was calibrated at Fe 181 

concentration in the range of 0–25 µmol L–1 using ferrous ammonium sulfate standard 182 

solutions prepared in acidified water. In addition, we subjected the 0.22 µm filtered 183 

water samples obtained in 2010–2012 to further filtering through 0.025 µm pore size 184 

nitrocellulose membrane filter (VSWP, Millipore) to determine the soluble Fe(III) 185 

(<0.025 µm fraction) concentrations. The data obtained are not shown in detail because 186 

the soluble Fe(III) values were extremely low—below the detection limit to ~0.1–0.3 187 

µmol L–1, which is < ~3% of T-Fe(III) (T-Fe minus Fe(II)). 188 

 Several studies have reported the limitations of the ferrozine method for determining 189 

Fe(II) in the presence of very high soluble Fe(III) (Anastacio et al., 2008; Gendel and 190 

Lahav, 2008). Soluble Fe(III) in solution can react with ferrozine, thereby interfering 191 
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with the coloration of the Fe(II)-ferrozine complex (Viollier et al., 2000). However, 192 

measuring dissolved Fe(II) in Fe(II)-Fe(III) mixture solution with low soluble Fe(III), 193 

such as river waters (pH of 6–8) in the present study, by ferrozine would not lead to the 194 

quantitative overestimation of Fe(II) concentrations (Viollier et al., 2000; Giokas et al., 195 

2002). Reduction of the Fe(III)-ferrozine complex with time in the presence of humic 196 

substances could potentially lead to an artifact. However, the time required for complete 197 

complexation with free Fe(II) by ferrozine would be within 1 min, while the slow 198 

reduction of Fe(III) after ferrozine addition can take up to several minutes-hours. In our 199 

control experiments, ferrozine did not lead to overestimation of Fe(II) concentrations by 200 

measuring dissolved Fe(II) in Fe(II)-Fe(III) mixture water solution (pH of 7–8). 201 

However, Fe(II) concentrations in river water samples from the lower reach site (KR-1) 202 

of the Kunebetsu River gradually increased with time (0 µmol L–1 within 1 min to 203 

0.1–0.4 µmol L–1 after 1 hr) in the dark after ferrozine addition. Measurements were 204 

completed within 1 min in the present study; therefore too little Fe(III) reduction could 205 

have occurred after ferrozine addition to have caused overestimation of Fe(II) 206 

concentration. In addition, natural organic Fe(II) ligands may appear to be either too 207 

weak or too low in concentration to affect the recovery of Fe(II) in natural waters. In 208 

natural waters rich in DOM, however, Fe(II) may be present as a range of organic 209 

complexes or colloids that will equilibrate more slowly with ferrozine over time (Box, 210 

1984) and the association of DOM with dissolved Fe may prevent the accurate 211 

measurement of D-Fe concentrations (Hopwood et al., 2014). 212 

 213 

2.3. Experiments to quantify the in-situ oxidation rate of Fe(II) in river water 214 

 To determine the in-situ oxidation rate of Fe(II) at the in-situ water temperatures of 215 

winter, in the midday during early–mid winter of 2012/2013 (mid-November 216 

2012–mid-January 2013), we measured oxidation of on-site Fe(II) in river water 217 

samples from the lower reach of the Kunebetsu River (KR-1, Fig. 1). Just after the 218 
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measurement of on-site Fe(II) concentration (0 min), approximately 10 mL samples 219 

were withdrawn from the sample vessel at 5, 10, 15, 20, 25, 30, 40, 45, and 60 min in 220 

the shadow and analyzed in exactly the same manner as for in-situ Fe(II). The water 221 

temperature of the sample vessel was regulated to within ±0.5°C of the in-situ water 222 

temperature throughout the 30–60 min of the oxidation experiment measurements. In 223 

addition, the photoreduction of Fe(III) was measured in river water samples (pH 7.6) 224 

with high Fe concentration that were collected from the lower reach of the Kunebetsu 225 

River (KR-1) during summer. The experiment was conducted under natural sunlight 226 

illumination at 5 and 10°C for 2–3 h in the same manner described in our previous 227 

studies (Kuma et al., 1992 and 1995). Because we did not detect any photo-reduced 228 

Fe(II) in this analytical method with nM level detection limit, the data are not shown. 229 

 230 

2.4. Humic F-intensity, nitrite and nitrite, and silicate 231 

 Humic-like DOM in river water was quantified by measuring humic F-intensity. The 232 

humic F-intensity of the 0.22 µm-filtered river-water samples was measured in a 1 cm 233 

quartz cell by means of a fluorescence spectrophotometer (model F-2000, Hitachi Co. 234 

Ltd., Japan) at 320 nm excitation and 430 nm emission wavelengths and 10 nm 235 

bandwidths (Nagao et al., 2003). Relative fluorescence intensity (RFI) of the samples 236 

was expressed in terms of quinine sulfate units (10 QSU = 10 ppb quinine sulfate in 237 

0.05 mol H2SO4, excitation 320 nm, emission 430 nm; Nagao et al., 2003). The 238 

monitoring wavelengths correspond to the position of the fluorescence maxima for 239 

fulvic acid, a major component of humic substances in river waters, and the humic 240 

F-intensity for fulvic acid at the concentration of 10 mg L–1 was 80 QSU (Nagao et al., 241 

2003). 242 

 The concentrations of NO3+NO2 and Si(OH)4 were determined by means of an 243 

autoanalyzer (Technicon Corporation) using CSK standard solutions for nitrate and 244 

nitrite (Wako Pure Chemical Industries, Ltd., Japan), silicofluoride (Na2SiF6) standard 245 
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solution for silicate, and standard methods (Parsons et al., 1984). 246 

 In addition, pH and water temperature were immediately measured using a handheld 247 

pH meter (model D21, Horiba Co. Ltd., Japan) and a thermometer after collecting river 248 

water samples in the 5 L sampling bucket. 249 

 250 

3. RESULTS 251 

 252 

3.1. Seasonal patterns in water temperature and discharge 253 

 The river water temperature in the lower reaches of the three rivers displayed similar 254 

patterns of seasonal variation (Fig. 2A). These temperatures were at their lowest (almost 255 

0°C) in January–February and then gradually increased to peak at 18–23°C in August 256 

before commencing the decline towards the winter low (Fig. 2A).  257 

 The seasonal river discharge patterns of the three rivers were very similar (Fig. 2B). 258 

Monthly average water discharge of the Moheji River was two-fold to four-fold higher 259 

than that of both the Oono and Kunebetsu rivers (Table 1, Fig. 2B). All three rivers 260 

displayed seasonal patterns in discharge characterized by peak flows occurring due to 261 

snow melt from mid March to early May (spring flood period), tapering through to the 262 

fall, and occasional high discharges caused by rainfall during the summer through 263 

autumn period. From late fall, repeated snowing and melting in mountainous areas 264 

during mid November to mid December caused an increase in discharge until consistent 265 

snow cover and freezing occurred from mid December until early March (winter period), 266 

during which time discharge remained low. 267 

 The riverbed of the Moheji River comprises gravels, cobbles, boulders, and/or 268 

exposed bedrock throughout its entire length, whereas the riverbeds of the Kunebetsu 269 

River and Oono River are mainly composed of sandy and silty sediments throughout the 270 

lower and middle reaches (Table 1). Having the smallest watershed and highest water 271 

discharge, the Moheji River would have flows of remarkably higher energy, preventing 272 
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the deposition of fine inorganic and organic particles on the river bottom. The Moheji 273 

River in a large forested mountainous area with high precipitation slopes down steeply 274 

to the lower reach with large inflow of rainfall, groundwater and snow melt from many 275 

small valleys at the lower–upper reaches. 276 

 277 

3.2. Seasonal variations in iron and humic F-intensity at the lower reach sites 278 

The seasonal variations in Fe(II) at the lower reach sampling sites of the Oono River 279 

and Kunebetsu River displayed a very similar pattern over the period May 2010 to 280 

February 2014—high concentrations during winter and remarkably low or undetectable 281 

concentrations during spring–autumn (Fig. 2C). The higher Fe(II) concentrations 282 

(~10–17 µmol L–1) tended to be strongly associated with low water temperature (0–4°C) 283 

during December–early March, whereas the extremely low or undetectable Fe(II) 284 

concentrations were associated with water temperatures higher than 7–8°C during 285 

spring to autumn (Figs 2A and 2C). During winter, Fe(II) concentrations were 286 

approximately two to three times higher in the Kunebetsu River than in the Oono River.  287 

 The seasonal variations in D-Fe in the Oono River and Kunebetsu River displayed 288 

very similar results to those of Fe(II), with concentrations being high during winter, low 289 

during spring–autumn, and higher in the Kunebetsu River than in the Oono River (Figs 290 

2C and 2D). Although there was no clear seasonal variation in T-Fe (Fig. 2E), seasonal 291 

variation in the Fe(II)/T-Fe ratio (as a percentage) in the Oono River and Kunebetsu 292 

River was evident, with remarkably high values of 20–60% during winter and extremely 293 

low values during summer, and similar in percentage and pattern between the two rivers 294 

(Fig. 2F). In contrast, Fe(II), D-Fe, and T-Fe concentrations in the Moheji River were 295 

extremely low or undetectable at all times (Figs 2C–F). 296 

 The seasonal variations in humic F-intensity displayed a pattern that was the reverse 297 

of that for Fe(II), D-Fe, and Fe(II)/T-Fe, that is, peak values in summer that were 298 

approximately two to three times higher than in autumn, winter, and spring (Fig. 2G). 299 
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The humic F-intensity values in the Kunebetsu River were about two to three times 300 

higher than those in the Oono River, whereas the Moheji River yielded consistently 301 

lower values than the Oono River, and which showed very little seasonal variation (Fig. 302 

2G). 303 

 304 

3.3. Seasonal variations in iron, humic F-intensity, and nutrients in the lower, 305 

middle, and upper reaches of the Oono River 306 

 The sampling of the Oono River from May 2013 to February 2014 was divided into 307 

five locations representing the lower (OR-1 and OR-2), middle (OR-3), and upper 308 

(OR-4 and OR-5) reaches of the river. The seasonal variation in Fe(II) was similar in 309 

pattern at the two lower and one middle reach sampling sites—high concentrations 310 

(~1–5 µmol L–1) during winter and extremely low or undetectable concentrations during 311 

early spring–late autumn (Fig. 3A). The Fe(II) concentrations at the two lower reach 312 

sites tended to increase gradually from early November to late January with very similar 313 

concentrations and seasonal patterns. The winter values at the middle reach site (OR-3) 314 

were approximately half those at the lower reach sites (OR-1 and OR-2). The Fe(II) 315 

concentration values at the two upper reach sampling sites (OR-4 and OR-5) were 316 

extremely low or undetectable in all seasons (Fig. 3A). 317 

 The changes in D-Fe concentration from November to February were similar to those 318 

of Fe(II) during the same period (Figs 3B and 3C). During the warmer months 319 

(June–August), however, D-Fe and T-Fe concentrations were relatively high, either 320 

similar to or higher than those during winter, and behaved markedly different to the 321 

Fe(II) concentrations, which stayed constantly low during summer (Figs 3A–C). At the 322 

middle reach sampling site (OR-3), D-Fe during winter and T-Fe in all seasons were 323 

approximately half those at the lower reach sites (OR-1 and OR-2).  324 

 The Fe(II)/T-Fe ratio at the lower and middle reach sampling sites was high 325 

(20–50%) during winter and extremely low during summer with similar seasonal 326 
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patterns between the values of the Kunebetsu River and Oono River (Fig. 2F) or 327 

between the values of the lower and middle reach samples of the Oono River (Fig. 3D). 328 

The Fe(II)/T-Fe ratio values at the upper reach sites were extremely low throughout the 329 

whole sampling period (Fig. 3D). Despite the remarkably different Fe(II) and T-Fe 330 

levels between locations, the seasonal patterns in the Fe(II)/T-Fe ratio appear to be 331 

spatially independent. 332 

 Humic F-intensity was approximately two to three times higher during early summer 333 

(June–July) than in other seasons at all sampling sites of the Oono River (Fig. 3E). 334 

During early summer, the order of humic F-intensity values was: lower reach (OR-1 = 335 

OR-2) > middle reach (OR-3) > upper reach (OR-4 = OR-5). The humic F-intensity 336 

values in the lower reaches were about two times those of the middle reach and four 337 

times those of the upper reach. 338 

 The seasonal variations in NO3+NO2 in the samples from the lower reach (OR-1 and 339 

OR-2) and middle reach (OR-3) sites of the Oono River displayed very similar 340 

patterns—slightly elevated concentrations (~30–40 µmol L–1) during the winter and low 341 

concentrations (~20–25 µmol L–1) during spring–autumn (Fig. 3F). However, in the 342 

upper reach (OR-4 and OR-5), NO3+NO2 values were approximately half to one-third 343 

(~15 µmol L–1 during summer–winter and ~5–10 µmol L–1 during spring–summer) 344 

those in the lower and middle reaches (Fig. 3F). The order of the various sampling 345 

locations with respect to the magnitude of NO3+NO2 concentrations in the three rivers 346 

was: lower reach site (KR-1) of the Kunebetsu River > the lower reach sites (OR-1 = 347 

OR-2) of the Oono River > the middle reach site (OR-3) of the Oono River > the upper 348 

reach sites (OR-4 = OR-5) of the Oono River = the lower reach site (MR-1) of the 349 

Moheji River. 350 

 Si(OH)4 concentrations displayed similar seasonal patterns at all locations, with 351 

concentrations being 5–7 times higher during the early summer–early winter period 352 

(early June–early December) than during the middle winter–late spring period. The 353 
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order of the sampling sites with respect to the magnitude of Si(OH)4 values was the 354 

Kunebetsu River (KR-1) = the Oono River (OR-1–OR-5) > the Moheji River (MR-1) 355 

(Fig. 3G). There were few or no differences among the lower, middle, and upper 356 

reaches (OR-1–OR-5) of the Oono River with respect to seasonal Si(OH)4 357 

concentrations. 358 

 359 

3.4. Oxidation rate of in-situ Fe(II) in river water 360 

 The most commonly verified rate law for oxidation of Fe(II) at near neutral pH over 361 

the range of natural waters is that of Millero et al. (1987), 362 

 363 

–d[Fe(II)]/dt = k[OH–]2pO2[Fe(II)] (1) 364 

 365 

where k is the rate constant with units mol–2 atm–1 min–1, [OH–] is the concentration of 366 

hydroxyl ions, and [Fe(II)] is the concentration of total ferrous iron. At fixed pH and in 367 

the presence of excess pO2, equation (1) reduces to a pseudo first-order rate equation, 368 

 369 

–d[Fe(II)]/[Fe(II)] = kox dt (2) 370 

 371 

where kox is the pseudo-first-order rate constant and has units of inverse time. 372 

 The value of kox is strongly dependent upon pH and temperature. From our oxidation 373 

rate experiment, we determined the oxidation rate constant of on-site Fe(II) in water 374 

samples from the slope of the natural log of Fe(II) concentration against time using 375 

least-squares linear regression from samples with in-situ water temperatures of 7.5, 4, 376 

1.5, and 0.5°C (± 0.5°C) and pH in the range of 7.3–7.8. The oxidation rate constants 377 

(kox) and half-lives (T1/2) of Fe(II) obtained for each temperature are presented in Figure 378 

4A. Low temperature resulted in an extremely low rate of Fe(II) oxidation, with T1/2 = 379 

187 min at near freezing temperature (0.5±0.5°C); an increase in temperature to just 380 
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1.5°C resulted in a reduction in T1/2 to 62 min. Clearly, the oxidation rate was severely 381 

retarded as temperature approached 0°C. 382 

 The natural log of the kox values from the rate equations at the four water 383 

temperatures were plotted against 1/T (T: absolute temperature in K; Fig. 4B). From the 384 

linear relationship between logarithmic kox and 1/T and the Arrhenius equation 385 

(Brezonik, 1994), we can estimate the fairly rough values of kox and T1/2 at various 386 

water temperatures (for example, the values from 0 to 20°C in Fig. 4B). The estimated 387 

value (10.1 min–1, Fig. 4B) of kox in river water at 20°C in this study was roughly 388 

similar to those (approximately 1.3–5.6 min–1) in water (20.5°C) at pH in the range of 389 

7.5–8.0 in previous study (Stumm and Lee, 1961; Millero, 1985). 390 

 391 

4. DISCUSSION 392 

 393 

4.1. Sources of Fe(II) in river water 394 

 The detection of high Fe(II) concentrations during winter and low or undetectable 395 

concentrations during early spring–late autumn occurred only at the sampling sites 396 

where the river bottom comprises sandy and silty sediments—the lower reach sampling 397 

site (KR-1) of the Kunebetsu River and the lower and middle reach sites (OR-1–OR-3) 398 

of the Oono River (Figs 2A, 2C, and 3A, Table 1). In contrast, Fe(II) was low or 399 

undetected at all times of the year at sites where the riverbeds comprised gravels, 400 

cobbles, boulders, and/or exposed bedrock—the lower reach sampling site (MR-1) of 401 

the Moheji River and the upper reach sites (OR-4 and OR-5) of the Oono River (Figs 402 

2A, 2C, and 3A, Table 1). The similarity in seasonal variations of Fe(II) and D-Fe in the 403 

Kunebetsu River and Oono River (higher Fe concentrations during winter than 404 

spring–autumn; Figs 2C, 2D, 3A, and 3B) is probably because of Fe(II) in D-Fe (the 405 

<0.22 µm fraction) during winter that was not oxidized to Fe(III) prior to filtration in 406 

the laboratory. D-Fe (the <0.22 µm fraction) in this study could still have potentially 407 
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contained Fe(II) that was not oxidized to Fe(III) until filtration in the laboratory. 408 

 Recent many studies have indicated that the release of Fe(II) from reducing 409 

sediments of the continental shelf might be an important source of iron in coastal waters 410 

(Pakhomova et al., 2007; Lohan and Bruland, 2008; Homoky et al., 2012a, b; Noffke et 411 

al., 2012; Chever et al., 2015). This may be the case in the sediments of lakes and rivers 412 

(Stigliani, 1988; Miao et al., 2006). Changes in sediment redox potential (Eh) and pH 413 

can cause changes in iron speciation and solubility, which can subsequently influence 414 

iron flux from river sediment to the water column. In anaerobic sediment, insoluble 415 

Fe(III) is reduced to water-soluble Fe(II) through microbial utilization of the oxygen 416 

contained in particulate Fe(III) oxides (Stigliani, 1988; Guo et al., 1997). In addition, it 417 

has been reported that microbial reduction of humic acids and subsequent chemical 418 

reduction of poorly soluble Fe(III) minerals by the reduced humic acids represents an 419 

important path of electron flow in anoxic natural environments such as freshwater 420 

sediments (Lovley and Blunt-Harris, 1999; Kappler et al., 2004). 421 

 In the present study, the higher Fe(II) concentrations during winter and the higher 422 

T-Fe concentrations in the Kunebetsu River than the Oono River (Figs 2C and 2E) may 423 

be due to the discharge of Fe(II)-bearing drainage water and groundwater to the surface 424 

water. The paddy fields in the lowlands of the catchments of the Kunebetsu River 425 

probably suggest reducing conditions in the soil/groundwater domain. In addition, the 426 

lack of Fe(II) and T-Fe in the river water of reaches with gravel and rock riverbeds 427 

indicates that the generation of soluble Fe(II) in the water column is probably driven by 428 

the reductive dissolution of insoluble Fe(III)—such as Fe(III) hydroxide and Fe(III) 429 

oxide—during the microbial decomposition of organic matter in reducing river 430 

sediments. However, the microbial reductive dissolution of insoluble Fe(III) in river 431 

sediments could be extremely slow at low temperature during winter. Therefore, it may 432 

also be due to the chemical composition of the groundwater discharging to the stream. 433 

Groundwater in lowland area where the subsurface is much more reactive due to the 434 
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presence of sedimentary organic matter is commonly more reduced and thus contains 435 

dissolved Fe(II) compared with groundwater in hilly area. The low river-water 436 

temperatures (below ~5°C) during winter in this subarctic environment leads to an 437 

apparent increase in the flux of reduced Fe(II) from particulate Fe in the riverine 438 

sediments and soil/groundwater in lowland area of the catchment, not necessarily 439 

because the flux has increased, but because the oxidation rate of the reduced Fe(II) back 440 

to Fe(III) is extremely slow at these low temperatures, thereby allowing a buildup of 441 

Fe(II) (Figs 2–4). This suggests that the release of reduced Fe(II) from riverbed 442 

sediments and groundwater to the water column might be the most important sources of 443 

iron in river waters. 444 

 Although photoreduction of Fe(III) is the dominant source of Fe(II) in acidic rivers 445 

(pH 2.3–3.1) and lakes (pH 4–5) (Collienne, 1983; Gammons et al., 2008), this 446 

mechanism was not the dominant source of Fe(II) in the pH 7–8 river waters of the 447 

present study as shown by the photoreduction experiment. This is consistent with 448 

previous findings that photoreduction of Fe(III) to Fe(II) is strongly dependent on pH, 449 

with high levels occurring at low pH and little to none at neutral and alkaline pH (Waite 450 

and Morel, 1984a, b). 451 

 452 

4.2. Factors controlling seasonal variations in Fe(II) and Fe(III) 453 

 On-site Fe(II) concentrations showed a logarithmic decrease with increasing 454 

temperature at the lower reach sampling sites (KR-1 and OR-1) of the Kunebetsu River 455 

and Oono River (Fig. 5A) and at the lower and middle reach sites (OR-1–OR-3) of the 456 

Oono River (Fig. 5B). The logarithmic decrease in the Fe(II) oxidation rate constant 457 

(kox) against temperature (Fig. 4B) strongly suggests that the higher Fe(II) 458 

concentrations in river water during winter arise because of the slow oxidation rate of 459 

Fe(II) at low water temperature, and the low Fe(II) concentrations during summer are 460 

because of the remarkably faster oxidation rate of Fe(II) at higher water temperature 461 
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(Fig. 4). The rate that Fe(II) in the water column derived from reducing river sediments 462 

and Fe(II)-bearing groundwater oxidizes to insoluble Fe(III) hydroxide is governed by 463 

the temperature-dependent oxidation rate (Fig. 4). Recently, it has been reported that 464 

seasonal change in the temperature-dependent Fe(II) oxidation rate affects the dissolved 465 

Fe concentrations along the flow-path from anaerobic Fe(II) rich groundwater into 466 

surface water and the seasonal variation in in-stream reservoirs, resulting in the lower 467 

dissolved Fe concentrations at high temperature in summer compared to winter (van der 468 

Grift et al., 2014; Baken et al., 2015). Therefore, the Fe(II) concentration in river water 469 

reflects the balance between input and removal processes to and from the river water 470 

column. The Fe(II) concentration at the Oono River OR-1 sampling site was linearly 471 

related to the Fe(II) concentration measured on the same day at the Kunebetsu River site 472 

and at the other sites of the Oono River (OR-2–OR-5; Figs 6A and 6B). The correlation 473 

was especially strong for OR-2 and OR3 (Fig. 5B). The linearity of the relationships 474 

and different slopes suggest that the Fe(II) concentration in river waters is not only 475 

controlled by the spatially different supply rates of reduced Fe(II) from river sediment 476 

and Fe(II)-bearing groundwater to the water column—higher rate at lower reach 477 

sites—but also by the water temperature-dependent oxidative removal of Fe(II) from the 478 

water column. Moreover, despite remarkably different seasonal Fe(II) and T-Fe 479 

concentrations among the lower and middle reach sites of the Kunebetsu River and 480 

Oono River (Kunebetsu River (KR-1) > OR-1, OR-2 > OR-3; Figs 2C, 2E, 3A, and 3C), 481 

the seasonal Fe(II)/T-Fe ratios were spatially independent, with values of approximately 482 

30–50% during winter at the Kunebetsu River lower reach site and the Oono River 483 

lower and middle reach sites (Figs 2F, 3D, and 7).  484 

 We estimated the seasonal variations in the release rate constant (a) of reduced Fe(II) 485 

from river sediment and groundwater to the river water column using the seasonal 486 

variation in the value of the temperature-dependent oxidation rate constant (b = kox) of 487 

Fe(II) to Fe(III) in river water and the observed seasonal variations in the Fe(II)/T-Fe 488 
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ratio (R, Figs 2F and 8) on the basis of three different assumed temperature-independent 489 

scavenging rate constants, γ (ln γ = –3, 0, and +3), of T-Fe(III) corresponding to the 490 

removal of soluble, colloidal, and particulate Fe(III) from river water to the riverbed 491 

(Fig. A1, Appendix; Brezonik, 1994). The values of b at in-situ water temperatures (Fig. 492 

2A) were calculated from the linear relationship between logarithmic kox and 1/T (Fig. 493 

4B). In the present study, the soluble Fe(III) concentrations (<0.025 µm fraction) were 494 

negligibly low (below or near the detection limit) compared to T-Fe(III) (T-Fe minus 495 

Fe(II)) concentrations. The estimated seasonal patterns of a at the lower reach sites of 496 

the Kunebetsu and Oono rivers revealed that a, similar to b, is strongly 497 

temperature-dependent, with high values during summer and low values during winter 498 

for all three values of ln γ (Fig. 8); however, the seasonal variations in reduced Fe(II) 499 

(A) in river sediment and groundwater are unknown (Fig. A1, Appendix). The estimated 500 

lower value of a in winter compared to summer (Fig. 8) could suggest the slower 501 

microbial reductive dissolution of particulate Fe(III) in river sediments and 502 

soil/groundwater at low temperature during winter time. In addition, precipitation fell as 503 

snow during winter could diminish the discharge of Fe(II)-bearing groundwater into the 504 

river. 505 

 506 

4.3. Relationship between T-Fe(III) and humic-like DOM 507 

 Fe(III) hydroxide solubility in natural waters is likely to be extremely low (below 508 

0.1–1 nmol L–1) at around pH 7–8 in the absence of organic ligand complexing (Stumm 509 

and Morgan, 1981; Kuma et al., 1996; Liu and Millero, 1999). Dissolved Fe (<0.2–0.45 510 

µm size fraction) in rivers has been shown to consist almost entirely of colloids 511 

comprising a mix of Fe(III) hydroxide and organic compounds stabilized by dissolved 512 

organic matter (Krachler et al., 2012; Chekli et al., 2013; Fang et al., 2015). In the 513 

present study, therefore, a substantial amount of the T-Fe(III) in the river waters was in 514 

colloidal and particulate form rather than in soluble form. The colloidal and particulate 515 
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forms presumably included both Fe(III) hydroxide and Fe(III) organically bound to 516 

colloidal organic matter such as humic substances. 517 

 The seasonal variations in T-Fe (Figs 2E and 3C) and T-Fe(III) (data not shown) in 518 

the three rivers were relatively similar to those of humic F-intensity (Figs 2G and 3E), 519 

with levels being high during summer. The fact that humic F-intensity was higher at the 520 

lower reach sites of the Oono and Kunebetsu rivers than at the Moheji River, and at the 521 

lower reach sites than at the middle and upper reach sites of the Oono River (Figs 2G, 522 

3E, and 9A) is attributed to the input of humic-like DOM from the river sediments to 523 

the water column and to the accumulation of humic-like DOM in the river water as it 524 

flowed downstream. Humic-like DOM is probably produced by the oxidation and 525 

remineralization of settling organic matter in the sandy and silty riverbed sediments, 526 

especially during summer. The plots of Fe(II) and T-Fe(III) against humic F-intensity at 527 

all sites revealed a significant (p<0.001) linear relationship between T-Fe(III) and 528 

humic F-intensity (Figs 9B and 9C) although DOM fluorescence in the present study 529 

might be more or less quenched by the presence of Fe. It has been reported that both 530 

Fe(II) and Fe(III) quenched DOM fluorescence with the varied degree of fluorescence 531 

quenching by the iron:DOC concentration ratio, DOM composition, and water samples 532 

(Poulin et al., 2014). This suggest that T-Fe(III) in these river waters is strongly 533 

associated with humic-like DOM (Fig. 9C), which may serve to stabilize the colloidal 534 

and particulate Fe(III) forms within the water column. Humic-like DOM in river water, 535 

which is supplied from river sediments in addition to downstream flow paths within 536 

soils/groundwater/wetland, complexes with Fe(III) as natural organic ligands, and this 537 

plays an important role in the formation of Fe(III)–organic colloids in river waters. 538 

Recently, it has been reported that land-derived humic substances may be of great 539 

importance as Fe(III) carriers in coastal waters, whereas autochthonously produced 540 

marine humic substances are of similar importance in the deep ocean (Tani et al., 2003; 541 

Kitayama et al., 2009; Laglera and van den Berg, 2009; Hioki et al., 2014). The 542 
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river-derived humic substances have functional groups that confer the ability to bind 543 

iron and keep it dissolved (Karlsson and Persson, 2010; Jones et al., 2011; Krachler et 544 

al., 2015). In boreal humic waters, iron is organically bound, particularly to high 545 

molecular weight organic colloids (Heikkinen, 1990 and 1994; Yan et al., 2013a, b). We 546 

speculate that humic-Fe(III) complexes are mainly produced during the rapid oxidation 547 

of Fe(II) close to the sediment–water interface following the large flux of soluble Fe(II) 548 

and humic substances from river sediments to the overlying water during summer (Figs 549 

2C, 2E, 2G, 3A, 3C, 3E, 8, and 9C). Therefore, these results support the previous 550 

findings that humic substances play an important role in the supply of bioavailable Fe 551 

from rivers to coastal waters (Lofts et al., 2008; Krachler et al., 2010, 2015; Kritzberg et 552 

al., 2014) despite the large-scale removal of Fe from river water by precipitation and 553 

flocculation during estuarine mixing (Boyle et al., 1977; Mayer, 1982). 554 

 555 

4.4. Nutrient sources and factors controlling their seasonal variation 556 

 The seasonal variation in NO3+NO2 concentrations showed summer values 557 

approximately two-thirds those of winter (Fig. 3F), probably because of biological 558 

uptake of NO3+NO2 during summer. In addition, NO3+NO2 concentrations were higher 559 

at the lower and middle reach sites (OR-1–OR-3) than at the upper reach sites (OR-4 560 

and OR-5) of the Oono River; the highest seasonal concentrations were recorded at the 561 

Kunebetsu River site (Fig. 3F). The consistently high NO3+NO2 concentrations in the 562 

Kunebetsu River are probably due to the inflow of drainage from paddy fields. However, 563 

the differences in between the lower and middle reaches of the Oono River during 564 

summer were less for NO3+NO2 concentration than they were for humic F-intensity 565 

(Figs 9A and 10A), resulting from the biological uptake of NO3+NO2. 566 

 The levels and seasonal variation in Si(OH)4 were similar at each of the Oono River 567 

and Kunebetsu River sites, with elevated concentrations during early summer–early 568 

winter (early June–early December) and low concentrations during middle winter–late 569 
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spring (Fig. 3G). Notably, there were no differences in Si(OH)4 levels between the 570 

lower, middle, and upper reach sites of the Oono River (OR-1–OR-5) even as levels 571 

varied with the season. This similarity between upstream and downstream sites was 572 

very different from the results for Fe, humic F-intensity, and NO3+NO2 (Figs 3, 5D, 9A, 573 

and 10). Si(OH)4 in these river waters is likely to originate predominantly from the 574 

upper watershed rather than from river sediments in the lower and middle reaches as 575 

evidenced by the similar seasonal variations in Si(OH)4 between rivers and the similar 576 

concentrations of Si(OH)4 in all reaches of the Oono River (Figs 3G and 10B). The 577 

particulate Si fraction in soils and bedrock consists of crystalline minerals (e.g., quartz 578 

and other primary and secondary silicates) and amorphous Si (Cornelis et al., 2011). 579 

Dissolution of these minerals constitutes the most important source of Si(OH)4 inputs to 580 

rivers, which is delivered via groundwater and surface and subsurface runoff (Ronchi et 581 

al., 2013). Base flow consists mainly of groundwater that has previously percolated 582 

through soil. Therefore, Si(OH)4 concentrations in the river waters measured during 583 

base flow conditions in the present study may have been predominantly governed by the 584 

inflow of groundwater with high Si(OH)4 concentrations in the upper reaches. The low 585 

Si(OH)4 concentrations during winter and spring indicates that groundwater inflow to 586 

rivers was minimal from the middle of December to late May (Fig. 3G), probably 587 

because the groundwater may be lower during winter because of the reduced infiltration 588 

of water into the subsurface as precipitation fell as snow. 589 

 590 

4.5. Main processes for the transfer of iron and humic substances into river 591 

 The main processes and a conceptual diagram describing iron redox transformations 592 

in river waters revealed by this study are shown in Fig. 11.  This study shows that in 593 

subarctic rivers subject to near-freezing water temperatures in winter and warm 594 

temperatures in summer, soluble Fe(II) concentration in river water is driven by the 595 

reductive dissolution of insoluble particulate Fe(III) during the microbial decomposition 596 
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of organic matter in reducing river sediments and soil/groundwater. High Fe(II) 597 

concentrations in river water during winter are predominantly attributed to the slower 598 

oxidation rate of Fe(II) to Fe(III) at low water temperature, whereas low Fe(II) 599 

concentration during summer occurs because of the remarkably faster oxidation rate of 600 

Fe(II) at higher water temperature, despite the fact that the release rate of reduced Fe(II) 601 

from river sediments and groundwater is also expected to be higher during summer. 602 

 When temperatures are high enough to support oxidation, the Fe(II) released from 603 

reducing river sediments and groundwater is removed from the water column by the 604 

oxidation to insoluble particulate Fe(III) oxyhydroxides that can be associated with 605 

DOC. Dissolved and particulate Fe(III) may complex with natural Fe(III)-binding 606 

organic ligands—such as humic substances—which are also released from river 607 

sediments and groundwater, also especially during summer. The result is that particulate 608 

Fe(III) is removed from the river water by precipitation and particle scavenging 609 

although colloidal and fine grained particulate Fe(III) can remain in the water column 610 

for long time especially under turbulent flow conditions. 611 

 612 

5. CONCLUSION 613 

 614 

  Soluble Fe(II) concentration in river water reflects a balance between input 615 

processes at the sediment–water interface and removal processes within the water 616 

column, that is, the release of reduced Fe(II) from river sediment and groundwater to 617 

river water and the oxidative removal of reduced Fe(II) to insoluble particulate Fe(III) 618 

oxyhydroxides. In this study the flux of reduced Fe(II) from reducing river sediments 619 

and groundwater to the water column appeared to be the most important sources of both 620 

Fe(II) and Fe(III) in river water, as evidenced by the seasonal Fe fluctuations between 621 

the lower, middle, and upper reach sites of rivers. We suggest that the phenomenon with 622 

high Fe(II) concentration in river water during winter may apply in many subarctic and 623 
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arctic river environments where the riverbeds comprise reducing river sediments and the 624 

Fe(II)-bearing groundwater discharges into river. 625 

 626 

 627 

APPENDIX A 628 

 629 

We consider an Fe-based system comprising three compartments: reduced Fe(II) in 630 

river sediment (A), Fe(II) in river water (B), and mainly colloidal and particulate Fe(III) 631 

(C). A schematic representation of chemical flow for this system is shown in Fig. A1A. 632 

This system satisfies the following ordinary differential equations: 633 
 634 

€ 

dA
dt

= −aA	 	 	 	 	 	 	 	 	  	 	 	 	 	 	               (A1) 635 

€ 

dB
dt

= aA − bB	 	 	 	 	 	 	   	  	 	 	  	               (A2) 636 

	 	 	 	 	    	 	 	 	 	 	  	               (A3) 637 

 638 

Thus, the complex chemical and physical processes for Fe are represented by three 639 

simple parameters: a is the release rate constant for A, b is the oxidation rate constant 640 

for B, and γ is the settlement or scavenging rate constant for C. 641 

We begin by examining the instantaneous input problem, and are interested primarily 642 

in the river-sediment source of Fe, that is, set A = A0 and B = C = 0 at time t = 0. The 643 

solution for each is then: 644 
 645 

€ 

A(t) = A0e
−at                                                   (A4) 646 

€ 

B(t) =
aA0
b − a

e−at − e−bt( )                                       (A5) 647 
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€ 

C(t) = abA0
1

b − a
e−at

γ − a
−
e−bt

γ − b
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ +

e−γt

γ − a( ) γ − b( )
⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥                  (A6) 648 

 649 

These yield the temporal variations shown in Fig. A1A. Next, the solution as a 650 

continuous input problem can be convolved with a source having an arbitrary time 651 

history. The convolution of A is given as follows: 652 
 653 

€ 

At = A(t −τ)dτ
0

t
∫

=
A0
a
1− e−at( )

 (A7) 654 

 655 

On timescales that are long compared to the timescales of release and oxidation 656 

(presumably several hours), a steady state is obtained by letting t→∞ in the transit 657 

solution At, that is 658 
 659 

€ 

A∞ =
A0
a

                                                           (A8) 660 

 661 

Similarly, solutions of B∞ and C∞ in the steady state are given as follows: 662 
 663 

€ 

Bt = B(t −τ)dτ
0

t
∫ =

aA0
b − a

1− e−at

a
−
1− e−bt

b
⎧ 
⎨ 
⎩ 

⎫ 
⎬ 
⎭ 

 (A9) 664 

€ 

∴B∞ =
A0
b

 (A10) 665 

€ 

Ct = C(t −τ)dτ
0

t
∫ = abA0

1
b − a

1− e−at

γ − a( )a
−
1− e−bt

γ − b( )b
⎧ 
⎨ 
⎩ 

⎫ 
⎬ 
⎭ 

+
1− e−γt

γ − a( ) γ − b( )γ
⎡ 

⎣ 
⎢ 
⎢ 

⎤ 

⎦ 
⎥ 
⎥ 
        (A11) 666 

€ 

∴C∞ =
A0 γ

2 − a + b( )γ + ab{ }
γ − a( ) γ − b( )γ

 (A12) 667 

 668 

The observed Fe(II)/T-Fe ratio (R), which is spatially independent of any location, 669 

corresponds to our model ratio of R = B∞/(B∞+C∞). The solutions of (A10) and (A12) 670 
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can be substitute into the following equation: 671 
 672 

€ 

R =
γ γ − a( ) γ − b( )

γ γ − a( ) γ − b( ) + b2γ γ − a + b( ){ } + ab2
 (A13) 673 

 674 

This can be transformed into a quadratic equation for the unknown parameter a as 675 

follows: 676 
 677 

€ 

D1a
2 +D2a +D3 = 0  (A14) 678 

 679 

where 680 

 681 

€ 

D1 = R γ 2 − b2( ) −γ γ − b( )      (A15) 682 

€ 

D2 = γ 2 − b2( ) γ 1− R( ) − Rb{ } (A16) 683 

€ 

D3 = b −γ( )γb γ 1− R( ) − Rb{ } (A17) 684 

 685 

Since a is always positive, 686 
 687 

€ 

a =
−D2 + D2

2 − 4D1D3

2D1
   (A18) 688 

 689 

From this solution, we can estimate the seasonal variation in a by assuming the 690 

appropriate order of γ and by substituting observed values of R and b. The solution of a 691 

or R (eqs A13 and A15) is of interest when we examine the idealized limit state. In the 692 

limit state, γ<<b, a→b, and R→γ/b→0. Note that this limit with R→0 may be close to 693 

the observed state in summer. In the inverse limit, γ>>b, a→γ, and 694 

R→γ3/(γ3+bγ2+b3)→1. A transition to the inverse limit, with R~0.5, will occur with the 695 

onset of winter (Fig. A2). 696 
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 901 

 902 

Figure captions 903 

Fig. 1. Location of the three rivers flowing into Hakodate Bay in southwestern 904 

Hokkaido, Japan used to study iron speciation in river water. The sampling sites 905 

were located in the lower reaches of the Kunebetsu, Oono, and Moheji rivers (KR-1, 906 

OR-1, and MR-1 for each lower reach sampling site, respectively) and also in the 907 

middle and upper reaches of the Oono River. The Oono River sampling sites are 908 

given labels to distinguish their locations: OR-1 and OR-2 for the sites in the lower 909 

reach, OR-3 for the site in the middle reach and OR-4 and OR-5 for the sites in the 910 

upper reach. 911 

 912 
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Fig. 2. Seasonal variations in river water parameters measured at the lower reach 913 

sampling sites (KR-1, OR-1, and MR-1) of the Kunebetsu, Oono, and Moheji rivers 914 

during May 2010–February 2014: (A) water temperature, (B) water discharge, (C) 915 

Fe(II), (D) dissolved Fe (D-Fe), (E) total Fe (T-Fe), (F) Fe(II)/T-Fe ratio, and (G) 916 

humic-like fluorescence intensity (humic F-intensity). Historical daily water 917 

discharge data of the three rivers for 2010–2012 were obtained from the Hokkaido 918 

Government (the data for 2013 and 2014 were not available for use in this study). 919 

 920 

Fig. 3. Seasonal variations in river water parameters measured at the lower reach 921 

sampling sites (KR-1 and OR-1) of the Kunebetsu and Oono rivers and at the lower 922 

(OR-1 and OR-2), middle (OR-3), and upper (OR-4 and OR-5) reach sampling sites 923 

of the Oono River during May 2013–February 2014: (A) water temperature and 924 

Fe(II), (B) D-Fe, (C) T-Fe, (D) Fe(II)/T-Fe ratio, (E) humic F-intensity, (F) 925 

NO3+NO2, and (G) Si(OH)4. 926 

 927 

Fig. 4. A pseudo first-order rate of oxidation equation was applied to in-situ Fe(II) 928 

measurements from river-water samples collected with pH 7.3–7.8 and in-situ water 929 

temperatures of 7.5, 4, 1.5, and 0.5°C (± 0.5°C) to determine (A) estimated 930 

oxidation rate constants (kox) and half-lives (T1/2) of in-situ Fe(II) at different in-situ 931 

water temperatures, and (B) the estimated kox and T1/2 values at water temperatures 932 

of 0, 5, 10, 15, and 20°C from the linear relationship between logarithmic kox and 933 

1/T (where T is absolute temperature in K) taken from the relationships shown in 934 

panel (A). 935 

 936 

Fig. 5. In-situ Fe(II) concentrations as a function of in-situ water temperature at (A) the 937 

lower reach sampling sites (KR-1, OR-1, and MR-1) of the Kunebetsu, Oono, and 938 

Moheji rivers and (B) the lower (OR-1 and OR-2), middle (OR-3), and upper (OR-4 939 
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and OR-5) reach sampling sites of the Oono River, showing the logarithmic 940 

decrease in Fe(II) concentration with increasing temperature at the lower and middle 941 

reach sampling sites where the river bottom comprises sandy and silty sediments. 942 

 943 

Fig. 6. The relationship between concurrently sampled in-situ Fe(II) concentration at the 944 

Oono River (OR-1) sampling site versus that at (A) the downstream sampling site of 945 

the Kunebetsu River (KR-1) and (B) each of the other sampling sites of the Oono 946 

River (OR-2–OR-5) showing linear relationships with different slopes that indicate 947 

that the concentrations were very similar at the Kunebetsu (KR-1) and OR-1 sites, 948 

but compared to OR-1, the concentrations progressively declined moving to the 949 

middle and upper reaches. 950 

 951 

Fig. 7. Fe(II)/T-Fe ratio (%) against in-situ water temperature at (A) the lower reach 952 

sites of the Kunebetsu River (KR-1) and the Oono River (OR-1) during May 953 

2010–February 2014 and (B) the lower and middle reach sites of the Oono River 954 

during May 2013–February 2014, showing the spatially independent relationship. 955 

 956 

Fig. 8. Estimated seasonal variations of the release rate constant (a) of reduced Fe(II) 957 

from river sediment and groundwater to river water from the seasonal variations in 958 

temperature-dependent oxidation rate constant (b = kox) of Fe(II) in river water (Fig. 959 

4B) and the observed seasonal variations in Fe(II)/T-Fe ratio (R, Fig. 2F) on the 960 

basis of three temperature-independent scavenging rate constants (γ ln γ = –3, 0, and 961 

+3) at the lower reach sites of (A) the Kunebetsu River (KR-1) and (B) the Oono 962 

River (OR-1). 963 

 964 

Fig. 9. (A) Humic F-intensity values at the Oono River sites OR-2–OR-5 against those 965 

at OR-1 from samples taken on concurrent dates, with linear relationships indicating 966 
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that as humic F-intensity increased, the values at upstream sites became 967 

progressively lower than at OR-1 (May 2013 to February 2014, Fig. 3E). (B) In-situ 968 

Fe(II) concentrations and (C) T-Fe(III) (T-Fe minus Fe(II)) concentrations against 969 

humic F-intensity values at all sites of each of the three rivers (May 2010 to 970 

February 2014, Figs 2C–G). 971 

 972 

Fig. 10. Values measured at Oono River sites OR-2–OR-5 against those at OR-1 from 973 

samples taken on concurrent dates for (A) NO3+NO2 concentrations and (B) 974 

Si(OH)4 concentrations (May 2013 to February 2014, Figs 3F and 3G). 975 

 976 

Fig. 11. Conceptual diagram showing the main processes during summer and winter for 977 

the transfer of iron and humic substances between river sediment and the water 978 

column. The diagram shows the flux of reduced Fe(II) and humic substances from 979 

the reducing river sediments and Fe(II)-bearing groundwater in lowland area of the 980 

catchment to the water column, the oxidation of released Fe(II) to Fe(III), the 981 

complexing of dissolved and particulate Fe(III) with Fe(III)-binding ligands such as 982 

humic substances, and the precipitation, resuspension and deposition of the 983 

particulate Fe(III). The thickness of the arrows and the size of the label typeface 984 

show relatively the magnitude of the flux and the concentrations of the various 985 

forms. 986 
 987 
 988 

Appendix A figure captions 989 

Fig. A1. (A) Diagrammatic representation of the two-step first-order sequence 990 

(A→B→C) for the iron transformation system in and between river sediment and 991 

groundwater and the water column, showing the flux of reduced Fe(II) from bottom 992 

sediment and groundwater to the river water (A→B), the oxidation of reduced Fe(II) 993 



 38 

to Fe(III) in the water (B→C), and the scavenging of colloidal and particulate 994 

Fe(III) from the river water; (B) the change in concentration of A, B, and C with 995 

time (t) in first-order reactions described by equations A4, A5, and A6, respectively. 996 

 997 

Fig. A2. Estimated seasonal variation in the release rate constant (a) of reduced Fe(II) 998 

from the river sediment and the groundwater to the river water by assuming the 999 

appropriate order of magnitude of the scavenging rate constant (γ) of colloidal and 1000 

particulate Fe(III) from river water and by substituting the observed Fe(II)/T-Fe 1001 

ratio (R) and the oxidation rate constant (b) of reduced Fe(II) in river water. 1002 



Table 1 Characteristics of three rivers

Watershed Water discharge (2011) Water discharge (2012) Water 
No River monthly average monthly average temperature pH

(km^2) (m^3/s) (m^3/s) (°C) Lower middle upper
1 Kunebetsu 122.9 4~15 6~19 0~23 7.02~8.36 silt+sand silt+sand gravel+cobble
2 Oono 111.1 7~19 4~29 0~21 7.17~8.28 silt+sand silt+sand+gravel boulder+bedrock
3 Moheji 96.3 35~77 14~71 0~19 7.08~8.15 gravel+cobble cobble+boulder boulder+bedrock

Riverbed condition at lower–upper reaches
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