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sediments pore water in Hiroshima Bay, Japan



Highlights  
 

 Sulfur species in marine sediments in Hiroshima Bay, Japan was investigated. 
 We used detection tubes and X ray absorption fine structure methods. 
 The H2S in sediment pore water ranged <0.1 to 4 mg-S L-1.  
 The sulfur species were identified as sulfate, thiosulfate, sulfur and pyrite.  
 Formation of pyrite and sulfur played an important role on scavenging H2S. 
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Abstract 37 

This study aims to reveal spatial distribution of hydrogen sulfide and sulfur species in 38 

marine sediments in Hiroshima Bay, Japan, by direct analyses using a combination of 39 

detection tubes and X-ray absorption fine structure spectroscopy. In summer and autumn, 40 

the hydrogen sulfide concentration ranged from <0.1 to 4 mg-S L-1. In this study, only 41 

hydrogen sulfide was observed in autumn and at two stations in summer. In contrast, some 42 

earlier studies reported in all seasons in Hiroshima Bay the presence of acid volatile 43 

sulfide, which is used as a proxy of sulfide content. The sulfur species in sediments were 44 

mainly identified as sulfate, thiosulfate, elemental sulfur, and pyrite. Thiosulfate was a 45 

minor component compared to the other sulfur species. The formation of pyrite and sulfur 46 

derived from hydrogen sulfide oxidation played an important role in the scavenging of 47 

hydrogen sulfide. 48 

 49 

Key Words 50 

Detection tube, Eutrophication, Pyrite, Sediment, Sulfur cycle, X-ray absorption fine 51 

structure  52 

 53 

 54 
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1. Introduction 55 

In enclosed water bodies such as inland seas, ports, and harbors, coastal marine 56 

sediments are affected by significant terrigenous organic matter loads. Thus, the high flux 57 

of organic matter leads to the rapid depletion of oxygen in the sediments due to intense 58 

microbial activity. Under such anoxic conditions, sulfate-reducing bacteria (SRB) utilize 59 

sulfate as a terminal electron accepter for the degradation of organic matter and generates 60 

hydrogen sulfide (Muyzer and Stams, 2008). Hydrogen sulfide can also cause blue tide 61 

called ‘Aoshio’ (Otsubo et al., 1991), which is the formation of colloidal sulfur derived 62 

from the upwelling of hydrogen sulfide with anoxic bottom waters. This process 63 

consumes dissolved oxygen in the water column and gives off a bad odor. Approximately 64 

27-50% of oxygen demand was oxidation of reduced species such as Mn(II), Fe(II), H2S 65 

in Hiroshima Bay (Seiki et al., 1994; Yamamoto et al., 2011). Therefore, hydrogen sulfide 66 

is a significant contributor to the development of hypoxia. Additionally, hydrogen sulfide 67 

can cause serious problems for fisheries and benthic ecosystems because it is highly 68 

reactive and toxic. The toxicity of hydrogen sulfide for plants and aquatic organisms 69 

results from hydrogen sulfide interfering with cytochrome c oxidase, the last enzyme of 70 

the electron transport system (Raven and Scrimgeour, 1997; Gray et al., 2002; Affonso et 71 

al., 2004; Lloyd, 2006; Dooley et al., 2013). Most aquatic organisms are negatively 72 
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affected by hydrogen sulfide in the range of 0.094-1.9 mg-S L-1 (Marumo and Yokota, 73 

2012). Therefore, hydrogen sulfide has been generally detected and found to be a threat 74 

for benthic ecosystems in enclosed and/or semi-enclosed water bodies (Wang and 75 

Chapman, 1999; Caddy, 2000; Sakai et al., 2013; Yamamoto et al., 2015). 76 

The sulfide contents including hydrogen sulfide in marine sediments have been 77 

conventionally evaluated by measuring acid volatile sulfide (AVS). This is a simple 78 

method by which hydrogen sulfide gas is released from sediments by the addition of acid 79 

(Rickard and Morse, 2005). Therefore, AVS is widely used in the fields of 80 

biogeochemistry, environmental science, and fisheries sciences (Jonge et al., 2010; 81 

Machado et al., 2010; Simpson et al., 2012; Gao et al., 2013; Arfaeinia et al., 2016). 82 

However, AVS is operationally defined as a component of sedimentary sulfide (from both 83 

pore water and sediment) and potentially includes dissolved sulfur species, FeS clusters, 84 

iron sulfide nanoparticles, mackinawite (FeS), greigite (Fe3S4), and pyrite (FeS2; Rickard 85 

and Morse, 2005). Therefore, AVS may exaggerate the hydrogen sulfide concentration 86 

and may detect hydrogen sulfide even if it is not present in the sediments (Fig. S1). In the 87 

case of sediments, sequential extraction is conventionally used to specify sulfur species 88 

(Nriagu and Soon, 1985; Rice et al., 1993; Thamdrup et al., 1994). In spite of their 89 

widespread use, there are concerns that sequential extractions might give misleading 90 



6 
 

results because the method is complicated and time-consuming. For example, sequential 91 

extraction bears a high risk of misinterpretation due to the redistribution, readsorption, 92 

and oxidation of the analyte during the sequential extraction steps (Calmano, et al., 2001). 93 

Therefore, it might not be appropriate to use sequential extraction to identify the sulfur 94 

species in marine sediments (Fig. S1). However, precisely identifying chemical species 95 

of sulfur in marine sediment is imperative for revealing the reductive and oxidative 96 

pathways of the sulfur cycle as well as the degradation of organic matter (Jørgensen and 97 

Kasten, 2006; Muyzer and Stams, 2008; Risgaard-Petersen et al., 2012, Pjevac et al., 98 

2014; Markovic et al., 2015). To reliably determine the concentration of highly reactive 99 

and unstable hydrogen sulfide, rapid and on-site measurements were required. Previously, 100 

many methods such as spectrophotometric detection including the methylene blue method, 101 

the flow injection method, fluorimetric detection including a hydrogen sulfide sensor, 2-102 

D hydrogen sulfide measurement, chemical probes, and gas chromatography were used to 103 

determine the hydrogen sulfide concentration (Cline, 1969; Kubáń et al., 1992; Radford 104 

and Cutter, 1993; Lawrence et al., 2000; Choi and Hawkins, 2003; Zhu and Aller, 2013; 105 

Li et al, 2013; Zhang and Guo, 2014). However, these methods are not always appropriate 106 

for on-site and rapid analyses. The concentrations of hydrogen sulfide in sediments were 107 

investigated in a hypersaline lake, a lagoon (Habicht and Canfield, 1997), brackish water 108 
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basins (Scholz et al, 2013), brackish water bodies (Jørgensen, 1977), a coastal brackish 109 

lake (Sakai et al., 2013) and a eutrophic saline lake (Reese et al., 2008). However, field 110 

observations involving the direct determination of hydrogen sulfide in enclosed water 111 

bodies, especially those located adjacent to densely populated areas, are limited. 112 

In this study, to overcome these problems, we used a detection tube and X-ray 113 

absorption fine structure (XAFS) spectroscopy. The detection tube can measure the 114 

concentration of hydrogen sulfide in sediment pore water on-site. This simplified and 115 

rapid determination method (ca. 3 min) accurately measured the concentration of 116 

hydrogen sulfide without oxidation loss of hydrogen sulfide. XAFS has been used to 117 

identify chemical species with minor or no pretreatments, and thus it offers a great 118 

advantage over conventional sequential extraction methods by keeping the sulfur species 119 

in marine sediments. XAFS can determine redox status and coordination environment for 120 

a wide variety of elements, including sulfur, carbon and nitrogen within these sediments. 121 

XAFS has been applied to the analysis of the chemical form and oxidation state of sulfur 122 

in soil and sediments (Bostic et al, 2005; Jalilehvand, 2006; Burton et al, 2009). 123 

Additionally, the collected sediments were immediately stored at 4oC in vacuum bags to 124 

seize/minimize all biological, physical, and chemical activities. The purpose of this study 125 

was to reveal the spatial distribution of hydrogen sulfide and sulfur species in coastal 126 
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marine sediments in Hiroshima Bay, Japan using a combination of the detection tube 127 

method and XAFS spectroscopy (Fig. S1).  128 

 129 

2. Experimental  130 

2.1 Study site 131 

Seawater and sediment samples were collected from seven stations in northern 132 

Hiroshima Bay, Japan on 2-3 November 2014 (Autumn cruise), 7 February 2015 (Winter 133 

cruise), 9 May 2015 (Spring cruise) and 20 August 2015 (Summer cruise) by a training 134 

and research vessel, HIKARI, of the National Institute of Technology, Hiroshima College 135 

(Fig. 1). The coordinates of the sampling sites are shown in Table S1. Hiroshima Bay is 136 

situated in the Seto Inland Sea, Japan. The enclosed bay is about 30 km from east to west 137 

and 50 km from north to south, with a total area of 1043 km2 and an average depth of 26 138 

m. The bay is significantly affected by intensive oyster culturing (annual production 139 

approximately 19,000 tons on an oyster meat basis) and terrigeneous loads from the Ota 140 

River (catchment area: 1710 km2; average river water discharge: 7.14 x 106 m3 d-1; 141 

Yamamoto et al., 2002). Station 1 is located near the industrial zone and is affected by 142 

domestic and industrial wastewater. Stations 2-4 are situated in the northern part of 143 

Hiroshima Bay and are adjacent to a big metropolitan area, Hiroshima city. The 144 
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terrigenous loads from the Ota River form halocline in the northern part of Hiroshima 145 

Bay every summer. Stations 5 and 6 are located in the western part of Hiroshima Bay and 146 

were affected by seawater intrusion from the southern part of Hiroshima Bay. Station 7 is 147 

located inside the enclosed bay called Etajima Bay where intensive oyster culture is 148 

conducted. 149 

 150 

2.2 Analytical parameters  151 

Vertical profiles of temperature, salinity and dissolved oxygen concentration were 152 

measured using a multi probe (AAQ176; JFE Advantec).  153 

Surface sediments were collected at seven stations in the spring, summer and winter 154 

using an Ekman-Birge bottom sampler (20 cm x 20 cm; Rigo). In autumn, sediment core 155 

samples were collected using an undisturbed core sampler (ø11 cm, 50 cm long: HR type; 156 

Rigo) at Sts. 1, 3, 5, 6 and 7. Whereas, at Sts. 2 and 4, the Ekman-Birge bottom sampler 157 

was used to collect surface sediments because we could not deploy the undisturbed core 158 

sampler due to a strong wind. The collected cores were cut at every 5 cm on board. The 159 

surface sediments collected by the Ekman-Birge bottom sampler were taken from the top 160 

layer (5 cm). On board, these sediments were immediately transferred into vacuum packs, 161 

the air was removed to prevent oxidation and then the packs stored in a refrigerator at 4oC 162 
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until they could be transferred to the laboratory. Successively, the sediments were 163 

vacuum-dried at 45oC and ground using an agate-made mortar. The homogenized 164 

sediments were stored in vacuum packs to maintain the chemical states of sulfur for 165 

XAFS analyses.  166 

The sediment pore water was collected by the rhizon method using a soil moisture 167 

sampler that consisted of a syringe and a 50-mm long and 2.5-mm fiber filter (DIK-168 

305A; Daiki Rika Kogyo). This soil moisture sampler has several advantages when 169 

compared with other sampling devices: low mechanical disturbance of the sediment due 170 

to the small diameter of 2.5 mm and the absence of direct contact with atmospheric 171 

oxygen resulting in minimal loss/oxidation of hydrogen sulfide. The fiber filter was 172 

installed in the sediments to suck out a few mL of sediment pore water. The on-site 173 

concentration of hydrogen sulfide in the pore water was measured by inserting a detection 174 

tube (detection limit: 0.1 mg-S L-1) within 3 min (200SB: Komyo Rikagaku Kougyo). 175 

The formation of a brown-colored PbS band in the detection tube due to the reaction of 176 

hydrogen sulfide and lead is the indicator that hydrogen sulfide is present in the pore 177 

water. The length of the brown-colored PbS band in a detection tube is correlated with 178 

hydrogen sulfide concentration. The oxidation rate constant of our proposed method 179 

ranged from 0.0069-0.0151 min-1 (Asaoka et al., 2012a). Considering this oxidation rate 180 
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and the range of observed hydrogen sulfide concentrations, the loss of hydrogen sulfide 181 

by oxidation through this procedure was estimated at less than 5%.  182 

The oxidation and reduction potential (Eh) and pH of the sediments were measured 183 

using Eh and pH electrodes (RM-30P; DKK-TOA, C-62; AS ONE). The total organic 184 

carbon (TOC), total nitrogen (TN), and total sulfur (TS) of the sediments were determined 185 

by an elemental analyzer (CHNS/0 2400II; Perkin Elmer). The sediment samples were 186 

acidified to remove carbonate before TOC, TN, and TS analyses were performed 187 

according to the method of Yamamuro and Kayanne, 1995. 188 

For carbon and nitrogen isotope analyses, terrigeneous particulate organic matter 189 

(POM) and leaves collected from the upstream (34º-30.0’N; 132º -30.7’E) and middle 190 

stream (34º -26.3’N; 132º -28.9’E) of the Ota river, marine POM collected from 191 

Hiroshima Bay (34º -11.0’N; 132º -21.0’E; St.6), and benthic micro algae grown in the 192 

Jigozen tidal flat located in the innermost part of Hiroshima Bay (34º -20.1’N; 132º -193 

19.3’E) were used. Carbon and nitrogen isotopes corresponding to δ13C and δ15N for 194 

seawater and river water, sediment, and terrestrial plant samples were measured using the 195 

following procedure. The GF/F filter (seawater and river water), sediment, and terrestrial 196 

plant samples were treated with 1 mol L-1 HCl to remove inorganic carbonates, and δ13C 197 

and δ15N of the POM were analyzed by an elemental analyzer-isotope ratio mass 198 
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spectrometer (FlashA EA1112-DELTA V ADVANTAGE, Thermo Fisher Scientific, MA, 199 

USA).  The isotope ratios are expressed in delta notation (‰) in Equation 1.  200 

 201 

	 δ	 ଵଷC	 or	 δ	 ଵହN	 ሺ‰ሻ ൌ ൬
ܴ௦௔௠௣௟௘

ܴ௦௧௔௡ௗ௔௥ௗ െ 1൘ ൰ 	 	ݔ 10ଷ             (1) 202 

 203 

where R is the 13C/12C or 15N/14N ratio for δ13C or δ15N, respectively. Pee Dee Belemnite 204 

(PDB) and air N2 were used as references for δ13C and δ15N, respectively. 205 

XAFS analyses of the sulfur K-edge spectra (range 2460-2490 eV; step size 0.2 eV) were 206 

performed using the BL11 at the Hiroshima Synchrotron Research Center (HiSOR) 207 

(Asaoka et al, 2012b). The synchrotron radiation from a bending magnet was 208 

monochromatized with a Si(111) double-crystal monochromator. The XAFS spectra of 209 

the sediment samples were measured using X-ray fluorescence yield mode with a SDD 210 

detector (XR-100SDD; AMPTEK) under a He gas environment. The K-edge main peak 211 

of sulfate derived from CuSO4・5H2O was calibrated to 2481.6 eV.  The sediment 212 

samples were mounted on double-stick tape (NW-K15; Nichiban) and placed in the 213 

central hole (15-mm diameter) of a copper plate. The angle between the incident X-ray 214 

and the sample surface was adjusted to 20o, and the X-ray fluorescence was detected from 215 

the direction normal to the incident beam in the plane of the electron orbit of the storage 216 
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ring. The standards FeSO4・7H2O (Wako Pure Chemical Industry), Na2SO3 (Wako Pure 217 

Chemical Industry), Na2S2O3 (Wako Pure Chemical Industry), elemental sulfur (Wako 218 

Pure Chemical Industry) and FeS2 (Stream Chemicals), FeS (Wako Pure Chemical 219 

Industry), MnS (Sigma-Aldrich) and L-Cysteine (Wako Pure Chemical Industry) 220 

representing sulfate, sulfite, thiosulfate, sulfur, pyrite, iron sulfide, manganese sulfide and 221 

cysteine, respectively, were also measured using both the conversion electron yield mode 222 

and the X-ray fluorescence yield mode simultaneously. XAFS analyses were carried out 223 

using XAFS spectra processing software (REX2000 ver. 2.6: Rigaku Co. Ltd.). The 224 

quantification error associated with linear combination fitting is approximately 5% for 225 

each sulfur species (Burton et al., 2009). 226 

The contour maps of hydrogen sulfide and sulfur species in sediments were drawn 227 

using software for the analysis and visualization of oceanographic and meteorological 228 

data sets (Ocean Data View ver 4.7.10 ; Schlitzer, 2017). 229 

The Eh-pH diagram for the Fe-S-H2O system was calculated using the thermodynamic 230 

simulation software Geochemist’s Workbench 8 (RockWare). In this calculation, HCO3 231 

activity was set at 0.002, which was the actual HCO3 concentration considering the CO2 232 

gas pressure. The activities of Na+, K+, Mg2+, Ca2+, Cl- and SO4
2- in seawater were 233 

calculated, followed by the activity coefficients (Whitfield, 1973). The total dissolved 234 
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Fe(II) activity was set to be 10-9 (Rickard and Luther, 2007). The pressure and temperature 235 

were set at 1.013 hPa and 25 oC, respectively. 236 

 237 

3. Results  238 

3.1 Hydrogen sulfide concentration in the sediment pore water 239 

The spatial distributions of hydrogen sulfide in the surface sediment (0-5 cm depth) 240 

pore water collected from Hiroshima Bay, Japan are shown in Fig. 2. Based on the 241 

distribution of hydrogen sulfide in the surface sediment pore water, clear seasonal 242 

variations were observed. In the spring and winter, hydrogen sulfide was not detected (< 243 

0.1 mg-S L-1) in the surface sediment pore water. In the summer, the concentrations of 244 

hydrogen sulfide in the surface sediment pore water at Sts. 6 and 7 were 1.6 and 0.2 mg-245 

S L-1, respectively (Fig. 2). At the other stations, the hydrogen sulfide concentrations were 246 

below the detection limit (< 0.1 mg-S L-1).  247 

In the autumn, the hydrogen sulfide concentrations in the surface sediment pore water 248 

at Sts. 1, 4, 6, and 7 were 1.5, 1.6, 4, and 2 mg-S L-1, respectively. The vertical profiles of 249 

the hydrogen sulfide concentration in the core sediment pore water are shown in Fig. 3. 250 

Generally, the concentrations of hydrogen sulfide in the sediment pore water at depths of 251 

7.5 cm and below were higher than that of pore water from the surface layer. For example, 252 
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the concentration of hydrogen sulfide in the surface layer at Sts. 1, 6, and 7 were 1.5, 4, 253 

and 2 mg-S L-1, while, at depths of 7.5 cm and below the concentrations were 6-10, 6-9, 254 

and 10-28 mg-S L-1, respectively.  255 

 256 

3.2 Sulfur species of the surface sediments  257 

 Pyrite (FeS2) and iron monosulfide (FeS) play a central role in the sulfur and iron cycles 258 

of marine sediments (Schippers and Jørgensen, 2002). Sulfur species in the surface 259 

sediments in this study fit well with the combination of sulfate, thiosulfate, elemental 260 

sulfur, and pyrite by the linear combination fit. In contrast, the XAFS spectra of iron 261 

sulfide was not observed because iron sulfide was oxidized by MnO2 in marine sediments 262 

(Aller and Rude, 1988). The XAFS spectra of sulfite, manganese sulfide, cysteine and 263 

other sulfur species were not observed, either. Hence, these sulfur species were considered 264 

minor components in the sediments. Therefore, these minor components of sulfur species 265 

were not used by the linear combination fit to minimize overfitting attributed to increasing 266 

number of latent variables (Kuno et al., 1999). The example of the linear combination fit 267 

of sulfur species at St. 1 is shown in Fig. S2. The concentrations of sulfur species on a 268 

dry basis were calculated using the TS content obtained by the elemental analyzer and the 269 

composition of sulfur species determined by XAFS (Fig. 4 and Table S2). The sulfate 270 
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concentration of surface sediment was in the range of 0.5-6.9 mg-S g-1. The sulfate 271 

showed the same spatial distributions from autumn to spring and had a peak of 3.7-6.9 272 

mg-S g-1 at St. 4. In summer, the sulfate was more or less equally distributed in the 273 

northern and eastern parts of the bay. The lowest (0.5 mg-S g-1) concentration of sulfate 274 

in summer was observed at St. 5. Thiosulfate (0-2.1 mg-S g-1) was a minor component 275 

compared to the other sulfur species reported in all of the seasons (Fig. 4).  The 276 

concentration of elemental sulfur in the surface sediment showed seasonal variations. The 277 

elemental sulfur concentration had a peak of 1.6 mg-S g-1 at St.7 in autumn. In winter, the 278 

sulfur was almost uniformly distributed in the range of 1.0-1.4 mg-S g-1. Thereafter, in 279 

spring, the elemental sulfur concentration showed peaks of 2.2 and 2.8 mg-S g-1 at Sts. 4 280 

and 7, respectively. In summer, elemental sulfur peaks of 2.3 and 2.7 mg-S g-1 were 281 

observed at Sts. 2 and 4, respectively. The pyrite concentrations in the surface sediments 282 

also showed seasonal variations. In autumn, the pyrite concentrations at St. 1 and in the 283 

northern part of the bay (Sts. 2, 3 and 7) were 0.7-2.7 mg-S g-1. In contrast, at the other 284 

stations, pyrite was not identified. In winter and spring, the pyrite concertation in the 285 

eastern part of the bay was high compared to the other areas of Hiroshima Bay. In summer, 286 

significant pyrite peaks were observed at stations 1 (2.0 mg-S g-1), 3 (3.4 mg-S g-1), and 287 

7(3.8 mg-S g-1), respectively.  288 
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 289 

3.3 Dissolved oxygen concentration of bottom water 290 

The dissolved oxygen concentrations of bottom water (1 m above the seabed) at the 291 

seven stations ranged from 7.4 to 8.5 mg L-1, 1.4 to 5.4 mg L-1, 6.0 to 7.0 mg L-1 and 8.2 292 

to 8.9 mg L-1 in spring, summer, autumn, and winter, respectively (Fig. 5). In summer, 293 

the bottom water was observed to have poor oxygen water mass at St. 1, in the northern 294 

part of the bay (Sts. 2-4), and at St. 7. The concentrations of dissolved oxygen at St. 1, 295 

Sts. 2-4, and St. 7 in summer were 1.4, 1.7-3.5, and 4.1 mg L-1, respectively. 296 

 297 

3.4 Physico-chemical characteristics of surface sediments  298 

 This study also investigated Eh, TOC, TON and C/Norg of the surface sediments (Table 299 

1). The Eh of surface sediments at the seven stations ranged from -55 to 112 mV, -139 to 300 

28 mV, -129 to -50 mV, and -45 to 130 mV in spring, summer, autumn, and winter, 301 

respectively (Table 1). In summer and autumn, the lowest Eh values were observed. In 302 

contrast, the pH levels of surface sediments did not show seasonal variations and ranged 303 

from 7.7 to 8.6 (Table 1).   304 

The annual averages of the TOC, TON, and C/Norg. ratios of surface sediment are given 305 

in Table 2. The concentrations of the TOC, TON, and C/Norg. ratios in surface sediments 306 
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ranged from 2.0 to 2.7%, 0.22 to 0.32%, and 8.5 to 9.2, respectively. The loss on ignition 307 

(LOI), COD of sediments and mud content near the 7 stations were also shown in Table 308 

2 (Hibino and Matsumoto, 2006; monitoring data by the Ministry of Land, Infrastructure, 309 

Transport and Tourism, Japan). The LOI, COD of sediments and mud content ranged 9.9 310 

to 12%, 37 to 57 mg g-1 and 10.3 to 74.7%, respectively.  311 

 312 

4. Discussion 313 

The hydrogen sulfide distribution is controlled by biogenic and abiogenic reactions 314 

such as sulfide oxidation, sulfate reduction, metal sulfide precipitation and dissolution, 315 

nucleophilic additions to organic matter, and acid base equilibria (Morse et al, 1987; 316 

Schippers and Jørgensen, 2002; Jørgensen and Kasten, 2006; Zhu and Aller, 2013). The 317 

biogenic reactions involve hydrogen sulfide formation through sulfate reduction by SRB 318 

under anoxic conditions and bacterial oxidation of hydrogen sulfide to sulfate via sulfur 319 

with phototrophic or chemotrophic sulfur bacteria under anoxic or oxidizing conditions, 320 

respectively (Gemerden, 1993). The abiogenic reactions, which are chemical processes, 321 

include the formation of colloidal sulfur and sedimentary pyrite (Otsubo et al., 1991). The 322 

dissolved oxygen concentration of the bottom water is contributory to a change in the 323 

concentration of hydrogen sulfide because the dissolved oxygen serves as an oxidizer of 324 
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hydrogen sulfide. However, there is no significant relation between the hydrogen sulfide 325 

concentration in surface sediment pore water and the dissolved oxygen concentration of 326 

bottom water (r=0.032; Fig. S3). Even though the dissolved oxygen concentration of 327 

bottom water was over 4.1 mg L-1, hydrogen sulfide was detected, suggesting that the 328 

sulfate reducing rate, namely, the hydrogen sulfide formation rate, was high compared to 329 

the hydrogen sulfide oxidation rate in the stations where the hydrogen sulfide was 330 

detected. Another possibility is high rates of oxygen uptake at the sediment surface. The 331 

dissolved oxygen concentration significantly decreased at diffusive boundary layer at 0.4-332 

0.5 mm above the sediment-water interface (Jørgensen and Revsbech, 1985; Archer et al., 333 

1989). Therefore, the sediment-water interface might become anoxic conditions which 334 

was sufficient for detecting hydrogen sulfide. 335 

Sediment Eh is an effective indicator of redox sequence. The sulfate reduction rate of 336 

SRB is well related with Eh. The sulfide production rate significantly increases around 337 

Eh < ca. -100 mV (Hata, 1960). However, SRB can use nitrate or even oxygen as an 338 

electron acceptor under oxidizing conditions (McCready et al., 1983; Dilling and 339 

Cypionka, 1990), indicating that sulfate reduction was conducted by SRB throughout the 340 

seasons. These previous reports are supported by this study as well. The hydrogen sulfide 341 

concentration of the sediment pore water significantly increased at Eh levels below -84 342 
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mV (Fig. 6). In winter and spring, the sediment Eh ranged from -45 to +130 mV and -55 343 

to +112 mV, respectively. These high Eh values occurred due to the high dissolved oxygen 344 

concentrations of the overlying water (1 m above the sea bottom) in the winter (8.2-8.9 345 

mg L-1; Fig. 5) and spring (7.4-8.5 mg L-1; Fig. 5). The surfaces of the sediments in winter 346 

and spring were under aerobic conditions, indicating that the sulfate reduction rate by 347 

SRB which was strictly anaerobic bacteria might decrease under aerobic conditions. 348 

Hence, the oxidation rate of hydrogen sulfide was considered to exceed the sulfate 349 

reduction rate of SRB.  350 

In summer, a poor oxygen water mass was observed in overlying water at Sts. 1-4 (1.4-351 

3.5 mg L-1) and St. 7 (4.1 mg L-1; Fig. 5). Both haloclines and thermoclines were observed 352 

at all stations in summer (Figs. S4a and S4b), which could have obstructed the supply of 353 

oxygen to the bottom of the sea during summer, and dissolved oxygen in the overlying 354 

water was consumed by organic matter decomposition and by the oxidation of reduced 355 

substances. 356 

The Eh level of the sediment was less than -100 mV except at Sts. 2 and 6, indicating 357 

that the conditions were sufficient for detecting hydrogen sulfide. However, hydrogen 358 

sulfide was detected at St. 6 (1.6 mg-S L-1; Fig. 2). The COD which is utilized as electron 359 

donors by sulfate reducing bacteria (Liamleam and Annachhatre, 2007) was highest at St. 360 
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6 (57 mg g-1) compared to other stations (37 to 49 mg g-1; Table 2). The COD of the 361 

sediments in Hiroshima Bay was mainly derived from inner production and decomposed 362 

easily (Hibino et al., 2006). Therefore, the sediment at St. 6 is more favorable to reduce 363 

sulfate to hydrogen sulfide by SRB compared to other stations. In the case of other 364 

stations, the peaks and high concentrations of pyrite at Sts. 1, 3, and 7 and of elemental 365 

sulfur at Sts. 2 and 4 confirm the removal of hydrogen sulfide (Fig. 4b). In most coastal 366 

sediments, less than 10% of the produced hydrogen sulfide is preserved as iron sulfide or 367 

pyrite, while the rest is oxidised or lost to the atmosphere (Jørgensen, 1987). Therefore, 368 

hydrogen sulfide might have been mainly scavenged by the formation of pyrite at Sts. 1, 369 

3, and 7 under reduced condition which could be supposed by low Eh ‘(-115 to -102 mV). 370 

At Sts. 2 and 4, hydrogen sulfide might have been mainly oxidized to elemental sulfur 371 

because Eh of the sediments at St. 2 was 15 mV, or not extremely reduced condition 372 

compared to other stations (Table 1). Although the Eh of the sediments at St. 4 was -130 373 

mV, DO of overlying water was not depleted (3.5 mg L-1 ; Fig. 5). Hence, hydrogen 374 

sulfide at St 4 might have been oxidized, resulting the lack of detection of hydrogen 375 

sulfide at these stations. Hence, hydrogen sulfide was detected at St. 6 because it was not 376 

scavenged well through the formation of pyrite or elemental sulfur. 377 

In autumn, although haloclines were slightly observed at Sts. 3 and 4 due to fresh water 378 
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inflow from the Ota river, the vertical mixing of seawater resulted in the disappearance 379 

of haloclines at Sts. 1, 2, 5, 6, and 7 (Figs. S4c and S4d). Therefore, the dissolved oxygen 380 

concentrations of the overlying water were 6.0-7.0 mg L-1 (Fig. 5). However, hydrogen 381 

sulfide was observed at Sts. 1, 4, 6 and 7. The COD of sediments which is electron 382 

donners of the sulfate reducing ranged 42 to 57 mg g-1 and was higher than that of other 383 

stations (Table 2). In Hiroshima Bay, the apparent setting velocities of particulate matter 384 

that mainly originated from primary production become highest in October in 385 

correspondence with the beginning of vertical mixing (Seiki et al., 1985). The weight 386 

ratio of TOC to total organic nitrogen (C/Norg. ratio) is one of the indices used to 387 

distinguish between planktonic and terrestrial sources of organic matter (Sampei and 388 

Matsumoto, 2001). The C/Norg. ratios of all sampling stations ranged from 8.5 to 9.2, 389 

indicating that organic matter in sediments mainly originates from plankton (Table 2). 390 

Carbon (13C) and nitrogen (15N) isotopes of the sediments were also measured. A 391 

mixing model utilizing 13C, 15N, and three endmembers was used to identify the source 392 

of organic matter in the sediments (Phillips, 2012). The three endmembers used in this 393 

study were (1) terrigeneous POM, (2) marine POM, and (3) benthic micro algae. The 394 

annual average contribution of terrigeneous POM sources to organic matter in sediments 395 

was 21.8 to 29.8%, with the other sources being marine POM and benthic micro algae 396 
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(Fig. 7 and Fig. S5). Therefore, marine POM and benthic micro algae might be major 397 

contributors to the increase of sediment oxygen demand (SOD) because the labile fraction 398 

of POM derived from planktons in Hiroshima Bay was 70-80%, and it took from one to 399 

two months to decompose completely (Seiki at. al., 1991). Hence, the high sedimentation 400 

flux of the POM from plankton in autumn might trigger an increase in SOD to decompose 401 

the POM and lead to depletion of DO at the sediment-water interface (Jørgensen and 402 

Revsbech, 1985; Archer et al., 1989) and the formation of hydrogen sulfide. St. 6 showed 403 

the highest concentration of hydrogen sulfide in the sediment pore water of all of the 404 

stations. The sedimentation rate of the bay was highest at the river mouth of the Ota River, 405 

in the innermost area of the bay (near Sts. 3 and 4; 0.60-0.68 g cm-2). The peak of the 406 

sedimentation rate was also observed around St. 6 (0.41 g cm-2) due to the presence of the 407 

center of counter clock-wise current transferring and depositing particle matter derived 408 

from the northern parts of Hiroshima Bay and inflowing rivers located at western parts of 409 

Hiroshima Bay (Hoshika, 2008). The COD and mud content of the sediments at St. 6 were 410 

57 mg g-1 and 74.3%, respectively and were highest or second highest of all the stations 411 

(Table 2). Therefore, the sediment at St. 6 is significantly affected by the sedimentation 412 

flux. Furthermore, pyrite formation is one of the factors that reduces the concentration of 413 

hydrogen sulfide in the sediment pore water. The Eh-pH diagram for the Fe-S-H2O system 414 
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was calculated to clarify the pH and Eh conditions needed to form pyrite (Fig. 8). The 415 

sediment Eh and pH levels at St. 6 in autumn were -84 mV and 7.8, respectively, which 416 

were thermodynamically out of range for forming pyrite, which results consisted with the 417 

Eh-pH diagram for the Fe-S-H2O system (Wei and Osseo-Asare, 1996; Rickard and 418 

Luther, 2007). The pyrite concentration of the sediment at St. 6 in autumn was relatively 419 

low (0.41 mg g-1, Fig. 4c). Hence, hydrogen sulfide in the sediment pore water was not 420 

scavenged by the formation of pyrite. The major pathways of pyrite formation and pyrite 421 

oxidation are H2S  FeS  FeS2 and FeS2  S2O3
2-  SxO6

2-  SO4
2-, respectively 422 

(Rickard and Luther, 2007). We roughly estimated which reaction, pyrite formation or 423 

pyrite oxidation, was dominant using the sulfur composition of surface sediments. The 424 

sulfate and thiosulfate composition of sediments correlated with those of pyrite (r=0.877; 425 

Fig. 9). At St.6, sulfate and thiosulfate were major components of the sulfur species of 426 

the sediments from summer to winter, indicating that pyrite oxidation tended to be 427 

dominant from summer to winter. In contrast, pyrite formation tended to be dominant at 428 

Sts.1 and 3. 429 

The age of the sediment core at St. 6 was roughly estimated using the sedimentation 430 

rate. The sediments at a depth of 22.5 cm originated in 1990. The vertical profile of 431 

hydrogen sulfide at St. 6 (Fig. 3) showed hydrogen sulfide at all depths. Therefore, 432 
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hydrogen sulfide might be observed steadily at St. 6 from summer to autumn. Similarly, 433 

a high hydrogen sulfide level was also observed at St. 7 due to the organic matter load 434 

from intensive oyster culturing (Fig. 3). At St. 7, the concentration of hydrogen sulfide in 435 

sediment pore water was high at depths of 7.5 cm and below (10-28 mg-S L-1) compared 436 

to the surface layer (2.0 mg-S L-1; Fig. 3), indicating that the hydrogen sulfide 437 

concentration gradient between the surface layer and depths of 7.5 cm and below was 438 

high. The hydrogen sulfide diffusion flux from the layer at a depth of 7.5 cm to the surface 439 

layer (2.5 cm) was roughly estimated based on Fick's laws of diffusion. The molecular 440 

diffusion coefficient of HS- used in this calculation was 1.73 x 10-9 m2 s-1 based on Li and 441 

Gregory, 1974. The hydrogen sulfide diffusion flux from the layer at a depth of 7.5 cm to 442 

the surface layer was estimated to be 19 nmol s-1 at St. 7, while those at other stations 443 

were 1.1-5.2 nmol s-1. The hydrogen sulfide diffusion flux at St. 7 was high compared to 444 

those at other stations. Hence, the concentration of hydrogen sulfide in surface sediment 445 

pore water at St. 7 was more significantly affected by the deep layer through diffusion 446 

compared to other stations. 447 

Finally, the hydrogen sulfide concentration in sediment pore water presented in this 448 

study was compared with the AVS of sediments reported by previous studies. The AVS in 449 

the innermost area of Hiroshima Bay (near St. 2) was approximately 0.3-1.1 mg g-1 450 
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(Yamamoto et al., 2008). Similarly, AVS was detected in all seasons at St. 1 and near St. 451 

7, and these values ranged ca. 0.2-1.0 and 0.2-0.7 mg g-1, respectively (Tsujino et al., 452 

2000; Yamamoto et al., 2015). In contrast, in this study, hydrogen sulfide was detected in 453 

sediment pore water in autumn at St. 1 and St. 7. Also, at St. 2, hydrogen sulfide was not 454 

detected any seasons. This difference between the AVS and hydrogen sulfide in sediment 455 

pore water was attributed to the difference in the sulfur species detected by each protocol. 456 

The AVS includes not only hydrogen sulfide but also dissolved sulfur species, FeS 457 

clusters, iron sulfide nanoparticles, mackinawite, greigite, and pyrite (Rickard and Morse, 458 

2005). These sulfur species might be partially volatilized and detected as AVS by the 459 

addition of acid. Hence, AVS is not appropriate for used as a proxy of hydrogen sulfide 460 

concentration in sediment pore water.   461 

 462 

5. Conclusion 463 

In Hiroshima Bay, seasonal variations were observed in the hydrogen sulfide 464 

concentrations in surface sediment pore water. Hydrogen sulfide was detected in summer 465 

(<0.1 to 1.6 mg-S L-1) and autumn (<0.1 to 4 mg-S L-1), whereas it was undetectable (<0.1 466 

mg-S L-1) in spring and winter. The slightly higher concentrations of hydrogen sulfide in 467 

autumn could be due to the increasing sedimentation flux of POM. Unlike our study, some 468 
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earlier studies reported the presence of hydrogen sulfide in all seasons in Hiroshima Bay. 469 

Those studies applied AVS extraction methods, which cannot separate different sulfur 470 

species and potentially include FeS clusters, iron sulfide nanoparticles, mackinawite, 471 

greigite, and pyrite. These different sulfur species might have been present during all 472 

seasons and might have resulted in an overestimation of the hydrogen sulfide 473 

concentrations. 474 

The different sulfur species present in sediments were identified as sulfate, thiosulfate, 475 

elemental sulfur, and pyrite in this study. Thiosulfate was a minor component compared 476 

to the other sulfur species. It was concluded that the formation of pyrite and elemental 477 

sulfur derived from hydrogen sulfide oxidation played an important role in the scavenging 478 

of hydrogen sulfide.  479 

Direct analyses using a combination of detection tubes and XAFS enabled us to reveal 480 

spatial distribution of hydrogen sulfide and sulfur species in marine sediments in 481 

Hiroshima Bay in greater detail compared to the conventional method of acid volatile 482 

sulfide measurement. Our proposed method will be useful to better understand sulfur 483 

cycle in terms of identifying sulfur species in marine sediments. 484 
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Figure Captions 

Spatial distribution of hydrogen sulfide and sulfur species in coastal marine sediments, Hiroshima Bay, 
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Fig. 1 Sampling stations in this study 

 

Fig. 2 The spatial distributions of hydrogen sulfide concentration in surface 

sediments pore water (0-5 cm depth) 

 

Fig. 3 The vertical profiles of the hydrogen sulfide concentration in the core 

sediment pore water in autumn  

 

Fig. 4 The spatial distributions of sulfur species concentration (mg g-1) in surface 

sediments 

 

Fig. 5 The concentrations of dissolved of bottom water (1 m above from the seabed)  

 

 

Fig. 6 Eh of the sediments vs. the concentrations of hydrogen sulfide in the sediment 

pore water in all samples 

 

Fig. 7  Carbon (13C) and nitrogen (15N) isotope of surface sediments and each 

endmember 

Error bars are standard deviation 

 

Fig. 8 The Eh-pH diagram for the Fe-S-H2O system 

 

Fig. 9 Corelationship between percent composition of pyrite and sum of 

sulfate and thiosulfate of sediments 
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Fig. 2 The spatial distributions of hydrogen sulfide concentration in surface 

sediments pore water (0-5 cm depth) 
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Fig. 3 The vertical profiles of the hydrogen sulfide concentration in the core 

sediment pore water in autumn  
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Fig. 4 The spatial distributions of sulfur species concentration (mg g-1) in surface 

sediments 
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Fig. 5 The concentrations of dissolved of bottom water (1 m above from the seabed)  
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Fig. 6 Eh of the sediments vs. the concentrations of hydrogen sulfide in the sediment 

pore water in all samples 
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Fig. 7  Carbon (13C) and nitrogen (15N) isotope of surface sediments and each 

endmember 

Error bars are standard deviation 
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Fig. 8 The Eh-pH diagram for the Fe-S-H2O system 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Fig. 9 Corelationship between percent composition of pyrite and sum of 

sulfate and thiosulfate of sediments 

 



Tables 

Spatial distribution of hydrogen sulfide and sulfur species in coastal marine sediments, Hiroshima Bay, 

Japan by Asaoka et al. 

 

 
Table 1 Eh and pH of surface sediments           

 Spring Summer Autumn Winter 
 Eh (mV) pH Eh (mV) pH Eh (mV) pH Eh (mV) pH 

St. 1 -3 7.9 -111 7.7 -94 7.9 112 8.3 
St. 2 112 7.8 15 8.1 -50 7.8 130 8.1 
St. 3 -17 7.8 -102 7.8 -87 7.7 117 8.2 
St. 4 -16 8.1 -130 7.8 -103 7.8 -9 8.2 
St. 5 31 8.1 -139 7.8 -114 7.7 20 8.2 
St. 6 -14 8.0 28 7.9 -84 7.8 120 8.4 
St. 7 -55 8.6 -115 8.5 -129 7.8 -45 8.0 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

Table 2 The TOC , TON, C/Norg ratios, LOI, COD and mud content of surface sediments 

 TOC (%) TON (%) C/Norg LOI (%) COD (mg g-1) Mud content (%) 

St. 1 2.7 0.29 9.1 11 48 74.7 

St. 2 2.5 0.29 8.7 12 37 67.4 

St. 3 2.5 0.28 9.1 10 40 65.4 

St. 4 2.7 0.32 8.5 9.9 42 65.4 

St. 5 2.0 0.22 9.2 11 40 10.3 

St. 6 2.1 0.23 8.9 11 57 74.3 

St. 7 2.2 0.25 8.9 12 49 68.6 

       

The LOI, COD and mud content were obtained from Hibino and Matsumoto, 2006; monitoring data by the 

Ministry of Land, Infrastructure, Transport and Tourism, Japan 
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Table S1 Sampling stations in this study 

St.  Latitude Longitude Depth (m) 

1 34°-14.0’ N 132°-30.5’ E 22 

2 34°-19.9’ N 132°-28.0’ E 19 

3 34°-20.0’ N 132°-24.0’ E 15 

4 34°-20.0’ N 132°-20.0’ E 12 

5 34°-16.0’ N 132°-21.1’ E 45 

6 34°-11.0’ N 132°-21.0’ E 36 

7 34°-14.7’ N 132°-27.4’ E 21 
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Table S2 The spatial distributions of sulfur species concentration (mg g-1) in surface 

sediments 

 

 
 

 

Spring

Concentration (mg g-1) Percent Composition (%)

St. Sulfate Thiosulfate
Elemental 

Sulfur Pyrite Total Sulfur Sulfate Thiosulfate
Elemental 

Sulfur Pyrite

1 4.0 0.6 1.6 2.3 8.5 47 7 19 27 

2 2.8 0.0 1.2 2.8 6.8 41 0 18 41 

3 2.3 1.2 0.9 2.7 7.1 33 18 12 38 

4 3.7 1.4 2.2 0.0 7.4 51 20 29 0 

5 1.2 0.3 0.4 0.4 2.4 52 12 19 17 

6 2.3 0.0 1.0 1.3 4.6 49 0 22 29 

7 2.5 0.0 2.8 2.9 8.1 31 0 34 35 

Summer

Concentration (mg g-1) Percent Composition (%)

St. Sulfate Thiosulfate
Elemental 

Sulfur Pyrite Total Sulfur Sulfate Thiosulfate
Elemental 

Sulfur Pyrite

1 4.0 1.0 1.4 2.0 8.4 47 12 17 24 

2 4.5 0.6 2.3 0.0 7.4 61 8 31 0 

3 4.0 0.0 0.0 3.4 7.5 54 0 0 46 

4 4.6 1.8 2.7 0.0 9.0 51 20 29 0 

5 0.5 0.1 0.1 0.0 0.7 77 11 12 0 

6 2.4 0.9 0.8 0.0 4.2 59 22 19 0 

7 3.9 0.7 0.6 3.8 8.9 44 7 6 43 

Autumn

Concentration (mg g-1) Percent Composition (%)

St. Sulfate Thiosulfate
Elemental 

Sulfur Pyrite Total Sulfur Sulfate Thiosulfate
Elemental 

Sulfur Pyrite

1 2.2 0.8 0.3 2.7 5.9 36 13 6 45 

2 3.1 0.9 0.4 1.7 6.2 51 15 7 28 

3 1.9 1.3 0.6 2.2 6.1 32 21 10 37 

4 6.9 0.9 0.3 0.0 8.1 85 11 4 0 

5 2.2 0.4 0.4 0.0 3.1 73 13 14 0 

6 2.5 0.7 0.5 0.0 3.7 69 18 13 0 

7 4.1 0.7 1.6 0.7 7.1 58 9 23 10 

Winter

Concentration (mg g-1) Percent Composition (%)

St. Sulfate Thiosulfate
Elemental 

Sulfur Pyrite Total Sulfur Sulfate Thiosulfate
Elemental 

Sulfur Pyrite

1 3.3 2.0 1.4 0.0 6.7 49 30 21 0 

2 3.8 0.5 1.0 0.0 5.3 72 9 19 0 

3 2.1 2.1 1.2 0.0 5.4 38 39 23 0 

4 4.1 0.0 1.3 1.3 6.7 61 0 20 19 

5 1.4 0.9 1.0 0.0 3.4 42 28 30 0 

6 1.8 1.4 1.2 0.0 4.5 42 33 27 0 

7 2.1 0.9 1.1 1.4 5.5 38 17 20 26 
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Fig. S1 Description on this study 
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Fig. S2 The Sulfur K edge XANES spectra and the linear combination fit (LCF) of 

sulfur species of surface sediments (0-5 cm layer) in spring at St. 1.  

Blue dotted line is LCF by 4 sulfur standard. 

 

 

 

 

 

 

 

 

 

 

 

X ray energy (eV)

2460 2465 2470 2475 2480 2485 2490

N
or

m
al

iz
ed

 in
te

ns
ity

 (
a.

u.
) Pyrite

Elemental Sulfur

Thiosulfate

Sulfate

Observed & LCF



6 
 

 

Fig. S3 Dissolved oxygen concentration of bottom water vs. concentration of 

hydrogen sulfide in sediment pore water in all samples 
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Fig. S4 The vertical profiles of salinity and water temperature in summer and 

autumn 
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Fig. S5 The annual average of contribution of organic matter in the sediments 

derived from each source. 
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