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Abstract: Herein, the distribution of sulfur and iron compounds (dissolved sulfide: H2S and HS−,
iron sulfide: FeS, and ionized iron: Fe2+ and Fe3+) in sediments (0–15 cm depth) at four stations in
Mikawa Bay, Japan, was evaluated from April 2015 to March 2016. The maximum dissolved sulfide
concentrations in the upper part of the sediment porewater (0–4 cm depth) (within 1.4–8.1 mmol·L−1)
varied among stations located in a waterway of a large-scale port with a significant dead zone.
Moreover, the iron sulfide and ionized iron concentrations in the upper part were highest at a station
where the dissolved sulfide concentration was relatively low compared with that of the other sites.
Analysis of the theoretical and hypothetical accumulation of particulate oxidized iron (FOOH) at the
stations located in the dead zone revealed that the estimated particulate oxidized iron accumulation
was higher (2303 mmol·m−2) at a station in which the dissolved sulfide concentration was low
compared with the other stations (142–384 mmol·m−2). Altogether, these findings suggest that the
sulfur–iron cycling can determine the amount of dissolved sulfides that accumulate in sediments.
Hence, artificially adding iron compounds to the seabed may help mitigate free sulfides accumulation
and prevent extreme hypoxia.

Keywords: buffering capacity; coastal water; dead zone; dissolved sulfide; environmental restoration;
hypoxia; iron; Mikawa Bay

1. Introduction

For 45 years, a system for area-wide control of total pollutants load has been estab-
lished to improve the water quality of the enclosed bays in Japan, including the Tokyo,
Osaka, Ise, and Mikawa bays. The system has led to a steady reduction in the chemical
oxygen demand, total nitrogen, and total phosphorus discharged from land areas to these
enclosed bays. Nevertheless, severe hypoxia still occurs, and this has reduced the habitat
availability and fishery production in Mikawa Bay during the summer [1–3]. Notably,
excessive reduction of total nitrogen and phosphorus loads is also an important contributor
to the decline in fishery resources, due to the continued decrease in their primary produc-
tion [4]. Since critical hypoxic conditions are a serious environmental challenge in Japan [5],
the Japanese Ministry of the Environment used bottom dissolved oxygen (DO) as an index
to assess the direct influence of hypoxia on aquatic organisms.

Critical hypoxia is mainly attributed to a considerable reduction in the water purifi-
cation capability provided by the tidal flat macrobenthos community, which is associated
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with aggressive land reclamation in Mikawa Bay [6,7]. To overcome these events, tidal
flats and shallows are being restored in this area [5]. Nonetheless, intensive land reclama-
tion has also contributed to drastically exacerbate the poor water quality in some areas.
Waku et al. [8] extended the concept of the dead zone advocated by Diaz and Rosenberg [9]
to coastal waters, defining dead zones as local areas where few organisms can survive due
to severe environmental degradation. The dead zone associated with intensive reclamation
covers an area of 27.8 km2 around the coastal waters of Mikawa Bay [8]. The upwelling of
hypoxic water from the dead zone to the sublittoral zone kills the macrobenthos community
and damages the general ecosystem of the bay [10]. Although large-scale ports account for
a large portion (79.2%) of the dead zone, effective environmental restoration is difficult.

Extreme hypoxia is driven by dissolved sulfide derived from sulfate reduction in the
seabed. Indeed, dissolved sulfide reaching the sediment surface can then escape to the
water column, where it will act as an oxygen consumer, which will create anoxic conditions
in the water at the bottom [11,12]. Iron is quantitatively the most important metal in many
marine ecosystems [13,14], and can also contribute to the oxidation rate of hydrogen sulfide
in the seawater [15–17]. Holmer et al. [18] reported the importance of iron oxides for
the oxidation of reduced sulfides at the upper layer of the seabed in a mangrove forest.
Moreover, Luther III et al. [19] suggested a dynamic seasonal cycling of sulfur and iron in
salt marshes. Indeed, ferrous iron was reported to quickly react with hydrogen sulfide and
sequester it as iron sulfide at iron-rich sediments in salt marshes [20]. Wijsman et al. [21]
also reported that large amounts of reactive iron in the sediments of the mouth of the large
river in the Black Sea can trap most of the produced sulfide in the form of iron sulfides.
Using the radiotracer method, Moeslundi et al. [22] demonstrated that most iron reduction
events taking place in the top 1.5 cm sediment layer are coupled with sulfide oxidation. The
importance of chemical iron reduction, which traps sulfide and produces iron sulfide via
sulfur and iron cycling, was reported in seawater [23–26] and freshwater [27,28] sediments.
Although this mechanism can potentially prevent the accumulation of free sulfides in the
sediment, only a few studies have explored the sulfur and iron cycles in dead zones, where
environmental restoration is particularly necessary.

This study aimed to clarify the current state of the spatial–temporal distribution
characteristics and interrelationship of sulfur and iron compounds in the dead zones of
large-scale ports, where the extreme hypoxia has adversely affected the ecosystem and
material circulation of the entire bay, but no effective countermeasures have been proposed
so far. Year-round surveys were conducted from April 2015 to March 2016 to investigate
the spatial–temporal changes in sulfur and iron compounds (dissolved sulfide, iron sulfide,
and ionized iron) in the sediments. The present findings are expected to provide new
knowledge on how iron compounds counteract the environmental impact of dissolved
sulfides and extreme hypoxia.

2. Materials and Methods
2.1. Study Site

Mikawa Bay is an embayment in central Japan that has a surface area of 604 km2 and is
9.2 m deep (Figure 1) [29]. Our survey was conducted in a closed section of Mikawa Bay, where
critical hypoxia occurs annually from early summer to early autumn. The mean spring tidal
range is 185 cm at the closed section of Mikawa Bay [30]. The long axis of the tide amplitude
extends in an east–west direction and the tide amplitude becomes small towards the closed
section of the bay. The amplitude of the springtide is a few cm·s−1 at the closed section of
the bay. The residual current speed is less than 6 cm·s−1 over the year [30]. During the study
period, precipitation was higher during summer compared with other seasons at Mikawa Bay.
The monthly mean precipitation was 114.3 mm (88–130 mm), 299.0 mm (224–383 mm), and
91.2 mm (57–167 mm) between April and June 2015, July and September 2015, and Oc-
tober 2015 and March 2016, respectively, at the closed section of Mikawa Bay (Latitude
34◦45.00′ N, Longitude 137◦20.50′ E), according to the Japan Meteorological Agency.
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Figure 1. Study area and location of the observation stations (stn). Solid and dotted lines represent 10
and 5 m isobaths, respectively.

Station 1 (Latitude 34◦44.60′ N, Longitude 137◦13.22′ E, Chart Datum Level [CDL]:
−10.0 m) was located in the central part of the Mikawa Bay, and Stations 2
(34◦43.82′ N, 137◦18.29′ E; CDL:−11.5 m), 3 (34◦42.77′ N, 137◦18.30′ E; CDL:−10.1 m), and 4
(34◦41.75′ N, 137◦18.37′ E; CDL: −8.0 m) were located in a waterway associated with a
large-scale port, which is defined as a dead zone [8].

2.2. Field Observations and Sampling

Field observations were conducted monthly at all stations from 23 April 2015, to
23 March 2016, except at station 2, which were conducted on 23 April 2015, and 27 May
2015. The tidal condition varied depending on the observation day: 23 April, 27 May,
10 August, 17 December, and 14 January were neap tide (defined as moon age 4–11,
18–26 days), whereas the other observation days were spring tide (defined as other than
neap tide period).

The temperature, salinity, and DO of the water column were measured at depth inter-
vals of 2 m from the sea surface to just above the bottom using a Conductivity-Temperature-
Depth profiler coupled with a DO sensor (AAQ1182; JFE Advantech Co., Hyogo, Japan).
Sediment cores and bottom water (upper 10 cm layer) were collected by scuba divers using
acryl tubes (inner diameter: 4.2 cm, length: 50 cm), which were capped with rubber plugs on
both ends immediately after sampling. Four sediment cores were collected at each station,
and one of the samples was immediately measured for temperature, pH, and redox potential
(Eh) on board using an electrical conductivity-pH meter (WM-22EP; DKK-TOA Corporation,
Tokyo, Japan). The remaining sediment samples were stored in dark and cold conditions
and transported to the laboratory for chemical analysis.

Additional bottom sediment (upper 4 cm depth) samples were collected at station 1
on 20 May 2015, at stations 2 and 3 on 22 June 2015, for total organic carbon (TOC) and
particle size composition analysis. These samples were obtained using an Ekman-Birge
bottom sampler (5141-AW; RIGO Co., Tokyo, Japan), TOC was analyzed using a MT-5
system (Yanaco Technical Science Co., Tokyo, Japan), and particle size composition was
determined according to ISO 17892-4 [31].
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2.3. Chemical Analysis of Sediment Samples

The top 16 cm of the sediment core was divided into eight 1 cm slices (0–1, 1–2, 2–3,
3–4, 4–5, 5–6, 9–10, 15–16 cm from the sediment surface) for chemical analysis.

The dissolved sulfide concentration in porewater was analyzed using a colorimetric
method, as previously described [32], and a spectrophotometer (UV-1600; Shimadzu Corpo-
ration, Kyoto, Japan) with a 10 mm semi-micro glass cell (4 mm inside width; GL Sciences
Inc., Tokyo, Japan). The detection limit was calculated to be 0.14 µmol·L−1 based on the
sum of the triplicate standard deviations and the mean absorbance of the blank sample [33].

The acid volatile sulfide (AVS-S) concentration was determined using an H2S-absorbent
column (201H; Gastec Corporation, Kanagawa, Japan). The iron sulfide concentration in
the sediment was calculated by subtracting the dissolved sulfide concentration from the
determined AVS-S concentration.

The concentration of ionized iron (Fe3+, Fe2+) in porewater was analyzed via spec-
trophotometric assays using 1,10-phenanthroline (ISO 6332 [34]) and a spectrophotometer
(UV-1600; Shimadzu Corporation). The sliced sediment cores were placed in 50-mL tubes
and the porewater was extracted by centrifugation (7930; Kubota Co., Ltd., Tokyo, Japan)
at 3500 rpm for 5 min. The detection limit was calculated to be 0.08 µmol·L−1 based on the
sum of the triplicate standard deviations and the mean absorbance of the blank sample [33].

3. Results
3.1. Temperature, Salinity, and Dissolved Oxygen Profiles of Seawater

Analysis of the temperature of the water column revealed a thermocline between
July 30 and August 10 in all stations (Figure 2a, Table S1), with the temperature difference
between the surface and bottom of approximately 7 ◦C, whereas the temperature was
almost vertically uniform during the other months. Concerning salinity, a halocline was
observed during the entire experimental period at stations 2, 3, and 4, whereas the salinity
was vertically homogeneous at station 1 on 29 June, 26 October, 25 November, 17 December,
14 January, and 23 February (Figure 2b, Table S1). The surface salinity tended to be lower at
station 4 than in the other stations.
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Figure 2. Vertical profiles of (a) temperature, (b) salinity, and (c) dissolved oxygen (DO) in the water
columns at the four observation stations from 23 April 2015 to 23 March 2016.



Water 2023, 15, 3465 5 of 14

Overall, the DO saturation was >30%, even in the bottom layer of each station, from
23 April to 29 June (Figure 2c, Table S1), whereas hypoxic water (<5% DO) occurred in the
bottom layer, with intensive stratification in all stations on 30 July, and was maintained
in all stations until 10 August. The bottom DO increased up to >14% in all stations on
16 September and DO was almost saturated throughout the water column of all stations
from 26 October to 23 March. Although the tidal condition differed between 30 July (moon
age 14.1 days) and 10 August (moon age 25.1 days), the seabed bottom was equally covered
with hypoxic water in all stations. Moreover, although the tidal condition was also different
between 25 November (moon age 13.4 days) and 17 December (moon age 5.7 days), the
DO vertical profiles were similar between these two observation days. The tidal level also
differed between 25 November (69 cm) and 17 December (192 cm), and between 30 July
(12 cm) and 10 August (94 cm). These findings suggest that the tidal condition and level
have a small impact on the DO status of the bottom water.

3.2. Total Organic Carbon Concentration and Grain Size of the Sediments

The concentrations of TOC at the upper 4 cm depth sediments ranged within
18.1–26.9 mg·g−1 dry weight in each station and was generally high in all stations (Table 1).
Moreover, the grains at the upper 4 cm depth sediment were primarily very small regardless
of their location, with 81.9–98.6% of the particles being <0.075 mm in diameter. Although
the grain size at depths deeper than 4 cm was not measured, the particles appeared to be as
fine as those in the upper 4 cm depth sediments in all stations.

Table 1. Total organic carbon (TOC) concentration and grain size in the upper 4 cm depth sediments.

Sampling Day Station TOC
(mg·g−1 Dry Weight)

Silt and Clay Content
(Particle Diameter < 0.075 mm) (%)

20 May 1 26.9 98.6
20 June 2 22.1 84.9
22 June 3 21.4 92.4
22 June 4 18.1 81.9

3.3. pH and Redox Potential Profiles of Sediment Porewater

The pH of the sediment porewater varied between 6.02 and 7.95 throughout the
experimental period. Seasonal variations were greater in the upper 1–4 cm layer regardless
of the station (Figure 3a, Table S2). The pH values >7.50 were detected in the upper 1–4 cm
layer at station 1 and pH values < 6.50 were occasionally observed between 25 November
and 23 March at stations 2 and 3. The lowest pH value of 6.08 was observed on 23 April
at station 4. In turn, Eh was almost evenly vertically distributed at all stations in 30 July,
ranging from −208 mV to as low as −71 mV (Figure 3b, Table S2). Subsequently, after 26
October, Eh increased in the upper 0–4 cm layer of each station, with positive Eh values
being detected.

3.4. Dissolved Sulfide, Iron Sulfide, and Ionized Iron Profiles of Sediment Porewater

The highest concentrations of dissolved sulfide were detected at depths below 4 cm in
all stations (3.0, 9.0, 7.2, and 2.8 mmol·L−1 at stations 1, 2, 3, and 4, respectively) during July
to September, which then declined until January (Figure 4a, Table S3). The dissolved sulfide
concentrations within the upper 4 cm depth layer increased at all stations within June and
September, reaching a maximum concentration of 2.8, 8.1, 5.0, and 1.4 mmol·L−1 at stations
1, 2, 3, and 4, respectively. These values then decreased over time in all stations, until the
dissolved sulfide was no longer detectable. Notably, the dissolved sulfide concentrations at
station 4 were considerably lower than those at the other stations.
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Figure 3. Vertical profiles of (a) pH and (b) redox potential (Eh) in the sediment porewater at the four
observation stations from 23 April 2015 to 23 March 2016.
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sediments at the four observation stations from 23 April 2015 to 23 March 2016.
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The iron sulfide concentrations tended to be low and showed less seasonal variation
at station 1 compared with those at the other stations (Figure 4b, Table S4). The mean
concentration of each month varied within 0.02–0.04 mmol·g−1 dry weight at station 1, and
0.04–0.08, 0.02–0.09, and 0.05–0.12 mmol·g−1 dry weight at stations 2, 3, and 4, respectively.
High concentrations were detected within the upper 4 cm depth layer in the summer, and low
concentrations were detected during autumn and winter at stations 2, 3, and 4. In particular,
iron sulfide showed significant seasonal changes within the upper 4 cm depth layer of
station 4: the maximum and minimum concentrations were of 0.17 and 0.00 mmol·g−1 dry
weight on 30 July and 26 October, respectively.

Ionized iron was almost depleted throughout the sediment core from 29 June to 10 August
at all stations (Figure 4c, Table S5). A small amount of ionized iron (0.04–0.13 mmol·L−1)
was detected on the sediment surface of station 4 on 16 September. The ionized iron
concentration increased in the upper layers of stations 2, 3, and 4 until 17 December,
reaching the subsurface maximum of 0.35, 0.23, and 0.35 mmol·L−1 at stations 2, 3, and 4,
respectively, and with Fe2+ accounting for 89.0–99.0% of this ionized iron. The ionized iron
concentrations near the surface were maintained at relatively high values until 23 March,
when Fe2+ accounted for 86.2–99.7% of this ionized iron. Conversely, ionized iron showed
marginal changes throughout the year and its concentrations were substantially low. The
maximum concentration detected at station 1 was 0.17 mmol·L−1 on 23 April.

4. Discussion
4.1. Seasonal Prevalence of Sulfur and Iron Compounds in Sediments of Mikawa Bay

Dissolved sulfide was distributed near the surface of the sediments during the sum-
mer, whereas DO at the bottom of the water column was depleted in the same period.
Sulfate-reducing bacteria (SRB), which are ubiquitously present in lakes, river sediments,
and estuaries, use organic matter and sulfate as a respiratory substrate, and dissolved
sulfide (hydrogen sulfide), carbon dioxide, and water are produced through anaerobic
respiration [35,36], according to the following equation:

SO4
2− + 2CH2O + 2H+ → H2S + 2CO2 + 2H2O. (1)

Hence, lower bottom-water oxygen levels result in less oxidation of particulate and
dissolved reduced sulfur, and resultant accumulation of more reduced sulfur [37,38]. In the
present study, although the abundances of SRB were unknown, our results suggest that
SRB were allowed to survive near the sediment surface (underlying anoxic bottom water),
where they generally used high organic matter and sulfate, leading to the accumulation of
dissolved sulfide in the sediment porewater in the summer. These findings are supported by
previous studies, which described the release of dissolved sulfides from anoxic sediments
into the water column [11,12,39,40]. The present study shows that part of the dissolved
sulfide reaching the surface of the sediment escapes to the water column and acts as an
oxygen consumer, which sustains the anoxic conditions in the bottom water.

As described above, the increase in dissolved sulfide near the surface occurred as
iron sulfide increased, whereas ionized iron was depleted in the summer. Notably, Rozan
et al. [41] observed a significant inverse correlation between Fe2+ and iron sulfide in the
upper sediment of a shallow intercoastal bay, which resulted from Fe2+ ions that quickly
reacted with hydrogen sulfide to form iron sulfide, as shown in the following equation:

H2S + Fe2+ → FeS + 2H+. (2)

Moreover, Heijis et al. [42] attributed the overproduction of dissolved sulfide to
intensive sulfate respiration accumulated in the porewater. The decrease in ionized iron
observed in this study suggests that ionized iron was rapidly and effectively removed from
porewaters via the precipitation of newly formed solid iron sulfide due to the presence of
dissolved sulfide, as Taillefert et al. [43] reported. In addition, Fe2+ quickly reacted with
the dissolved sulfide to form iron sulfide until the summer, which was followed by the
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depletion of Fe2+ and excess of dissolved sulfide produced by SRB accumulated in the
porewater during the summer.

The increase in ionized iron near the sediment surface occurred as DO at the bottom
of the water column recovered, a process that was also accompanied by a decrease in iron
sulfide. These findings further suggest that Fe2+ originated from iron sulfide dissolution,
which is attributed to the re-oxidation of the seabed surface with oxygen from the water
column, according to the following equation:

FeS + 2O2 → Fe2+ + SO4
2−. (3)

4.2. Intersite Comparison of the Sulfur–Iron Cycle

The sediment surface is important as an interface for material flux. Notably, seasonal
changes in the iron and sulfur compounds were particularly noticeable in the upper layer
(4 cm depth) of the sediment cores. To facilitate quantitative comparison between exper-
imental sites with regard to the sulfur–iron cycle, we converted the measured dissolved
sulfide, iron sulfide, and ionized iron contents into their density per unit of slurry volume.
Figure 5 presents representative data on the seasonal changes in depth-integrated dissolved
sulfide, iron sulfide, and ionized iron in the upper layer (0–4 cm depth) of the sediment
core. The maximum dissolved sulfide concentrations, integrated from the surface to a
depth of 4 cm of sediment in each station, ranged within 44.7–219.1 mmol·m−2 in the
summer (Figure 5a). Nevertheless, the dissolved sulfide concentrations were relatively
low at stations 1 and 4, located in the central bay and waterway, respectively, compared
with those at stations 2 and 3, located in the waterway. Waku et al. [10] reported that
the anoxic conditions of the bottom water are stable for long periods in the waterway
of a large-scale port, mainly due to the reduced vertical mixing attributed to the bottom
topography (which has a sharp inclination) compared with that of central Mikawa Bay.
The relatively high temporal availably of oxygen supply due to vertical water mixing
accounts for the relatively low concentration of dissolved sulfide at station 1 during the
summer. Notably, dissolved sulfide was relatively low at station 4, despite being located
on a waterway. Depth-integrated iron sulfide concentrations in the upper sediment layer
of station 4 were higher (835.2–1220.6 mmol·m−2) than those in the other stations during
30 July and 16 September (Figure 5b). Moreover, the ionized iron concentration in the upper
sediment layer of station 4 increased rapidly to 9.05 mmol·m−2, which was accompanied
by a decrease in iron sulfide, on 26 October (Figure 5b,c). These results suggest that ionized
iron was released from abundant iron sulfide; thus, more effective prevention of dissolved
sulfide accumulation at station 4 is required. Nevertheless, the maximum concentration of
ionized iron was 2-fold lower than that of iron sulfide at station 4.

In this study, most ionized iron was composed of Fe2+. Since the presence of Fe3+ in
the sediment porewater was unlikely based on the pH and Eh at the site, it is possible that
the small amount of Fe3+ detected was derived from Fe2+ oxidation during the analysis,
especially during centrifugation. Therefore, in subsequent analyses, all detected ionized
iron was assumed to be Fe2+.

The abundance ratio of ionized iron Fe2+ to Fe(OH)3, which is often used as a typical
particulate of oxidized iron among FeOOH, is denoted by the following equation:

Fe(OH)3 + 3H+ + e− = Fe2+ + 3H2O, (4)

Moreover, the Eh related to this chemical reaction is calculated as follows:

Eh = E0 − (RT/F) × ln([Fe2+]/([H+]3 × [Fe(OH)3])) and (5)

E0 = −∆GF0/F, (6)

where E0 represents the standard electrode potential (V); R is the gas constant; T is
the temperature (K); F is the faraday constant; [Fe2+], [H+], and [Fe(OH)3] indicate the
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concentration of Fe2+, H+, and Fe(OH)3 (which is assumed to be 1) (mol·L−1); and ∆GF
0

represents the total standard Gibbs energy of Fe2+ formation, which was calculated to be
−93.54 × 103 (kJ·mol−1) using each standard Gibbs energy of Fe(OH)3, Fe2+, and H2O.
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Figure 5. Seasonal change of depth-integrated (a) dissolved sulfide, (b) iron sulfide, and (c) ionized
iron in the upper 4 cm sediment layer.

Based on Equation (5), Fe(OH)3 dissolution equilibrium was further explored based
on different Fe2+ concentrations (1 µmol·L−1, 1 mmol·L−1, 1 mol·L−1) (Figure 6), with
Fe(OH)3 presence being more likely with higher Eh and pH values. Sediment samples
from stations 2, 3, 4 with the highest levels of ionized iron were plotted between the
Fe2+ dissolution equilibrium lines of 1 mmol·L−1 and 1 µmol·L−1 Fe2+. These results
suggest that Fe2+ released by the oxidation of iron sulfide in the autumn (Equation (3))
was immediately converted into particulate oxidized iron. Although the concentrations
of particulate oxidized iron in the experimental sites were unknown, our results suggest
that it is one of the reasons for low concentrations of ionized ion compared with those
of iron sulfide. Taken together, it is reasonable to speculate that Fe2+ dissolved from iron
sulfide precipitates as particulate oxidized iron during the autumn and winter and that
Fe2+ is re-dissolved from particulate oxidized iron during the spring and summer, thereby
contributing to reduce the amount of accumulated dissolved sulfide.

4.3. Chemical Buffering Capacity toward Sulfide

Iron in sediments can potentially react with sulfide, thus preventing the accumulation
of free sulfides in the sediment [13,23–26]. The capacity of the seabed to bind sulfide is
known as the chemical buffering capacity toward sulfide, the sediment’s hydrogen sulfide
buffering capacity, or the buffering capacity [35,43].
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Figure 6. pH–Eh correlation plots according to data obtained from the upper 4 cm sediment layer of
each station during 26 October and 23 March. Different colored lines indicate the Fe(OH)3 dissolution
equilibrium at different Fe2+ concentrations (1 µmol·L−1, 1 mmol·L−1, 1 mol·L−1). The highest levels
of ionized iron detected in each station are indicated by arrows.

As mentioned previously, our finding suggests that ionized iron Fe2+ was immediately
oxidized into particulate oxidized iron. Therefore, we attempted to calculate the theoretical
and hypothetical accumulation of FeOOH to compare the magnitudes of buffering capacity
of the sediments at stations 2, 3, and 4, which were located in a dead zone [8]. First, we
calculated the theoretical and hypothetical concentration of the dissolved oxygen in the
porewater that was available for FeS oxidation (Equation (3)), using temporal and spatial
concentration average from the upper 4 cm sediment layer. Based on the drop in depth-
integrated iron sulfide in the upper 4 cm sediment at stations 2, 3, and 4 between 30 July
and 23 March (Figure 5b), the decrease rate of iron sulfide, i.e., the reaction rates (V17) [35]
of Equation (3) were determined and the oxygen concentration was estimated according to
the following equation:

V17 = K17 ρ (1 − ϕ) [FeS] [O2], (7)

where V17 represents the mean reaction rate of Equation (3) (nmol·cm−3·s−1), K17 is the
rate constant 6.0 × 10−7 (µmol·L−1·s−1) [35], [FeS] is the mean concentration of iron sulfide
at 0–4 cm depth (mmol·g−1 dry weight), [O2] is the mean concentration of oxygen in the
porewater (nmol·L−1), ρ is the mean density of soil particles at 0–4 cm depth (g·cm−3), and
ϕ is the mean porosity at 0–4 cm depth (dimensionless number). Next, using the obtained
O2 levels and the measured Fe2+ concentration, we determined the reaction rate (V11) [35]
according to the following equations:

4Fe2+ + O2 + 6H2O→ 4FeOOH + 8H+ and (8)

V11 = K11 ϕ [O2] [Fe2+], (9)

where V11 represents the mean reaction rate of Equation (8) and the accumulation of FeOOH at
0–4 cm depth (nmol·cm−3·s−1), K11 is the rate constant of 5.0× 10−4 (µmol·L−1·s−1) [35], and
[Fe2+] represents the mean concentration of ionized iron at 0–4 cm depth (mmol·L−1). Using
the obtained V11 value, depth-integrated accumulation of FeOOH at 0–4 cm depth during
30 July and 23 March was calculated (Figure 7). The estimated FeOOH accumulation was
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higher at station 4 (2303 mmol·m−2), than that at stations 2 and 3 (384 and 142 mmol·m−2,
respectively). Nevertheless, the amount of depth-integrated iron sulfide in the upper
4 cm sediments decreased at stations 2, 3, and 4 from 30 July to 23 March, up to losses
of approximately 296, 98, and 790 mmol·m−2, respectively (Figure 5b). The estimated
FeOOH accumulation was 1.3–2.9 times higher than the iron sulfide decrease, which can
make us question the iron origin, i.e., the source of FeOOH. It is possible that rather rough
calculations (especially the estimation of dissolved oxygen concentration in porewater) may
have caused some deviations. However, in the present study, although the concentrations
of particulate oxidized iron were unknown, it was predicted that an increase in FeOOH
accumulation derived from iron sulfide oxidation at station 4, where the dissolved sulfide
concentration development was inhibited. These findings further suggest that the buffering
capacity can develop in dead zones through seasonal FeS–FeOOH cycling.
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Figure 7. Estimated time integration of FeOOH in the upper 4 cm sediment layer.

The Shiokawa River drains into the Shiokawa tidal flat, which is adjacent to our station 4.
A large portion of ionized iron supplied from rivers coagulates and settles in the seabed,
accompanied by an increase in salinity [44]. Wijsman et al. [21] reported that large amounts
of reactive iron in the sediments can trap most of the produced sulfide at a river mouth.
Noteworthily, the surface salinity tended to be lower at station 4 than in the other stations,
which suggests that station 4 conditions were more influenced by materials from the river
than the other stations. In this study, although the iron supply mechanism from the river
was unknown, the buffering capacity of the sediments likely depended on the iron supply
from the river. We identified the significant role played by iron pools in the prevention of
sulfide accumulation in the sediment of the dead zone, where environmental restoration is
particularly important.

One more important mechanism of buffering capacity is oxidation reserve, which
indicates that the iron pools of the seabed can bind sulfides and therefore correspond
to oxygen consumption for several months [35]. In other words, iron binds to sulfides
within the sediment during the summer, causing delayed consumption of oxygen for a
few months. Herein, we observed that iron sulfide precipitated by binding dissolved
sulfide and rapidly ionized iron during the summer, while it was oxidized during the
autumn and winter at station 4 (Figure 5). These results suggest that artificial addition
of sufficient iron compounds to the seabed accelerates the chemical buffering capacity
toward sulfide and prevents severe anoxic conditions in the bottom water. The iron at
station 4 was considered to have originated from the nearby river, but it is also possible that
accumulated iron (over years) is the main contributor to the sediment buffering capacity
through seasonal cycles. Hence, artificial addition of iron for buffering capacity does not
need to be a continuous process and more realistic measures to suppress sulfide generation
are possible. It is believed that the attempt to suppress sulfide generation by adding iron is
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effective in the dead zone due to its closed and quiet characteristics. The lasting effect of
reducing dissolved sulfide by adding iron-containing materials was actually previously
reported in the closed section of an inner bay in Japan [45].

The maximum depth-integrated iron sulfide values of stations 2, 3, and 4 were 931.9,
722.6, and 1220.6 mmol·m−2, respectively (Figure 5b). As discussed above, on the assump-
tion that FeS–FeOOH cycling contributes to the buffering capacity, we roughly estimated
that 288.7 (1220.6 subtract 931.9) and 498.0 (1220.6 subtract 722.6) mmol·m−2 (16.1 and
27.8 g Fe·m−2) iron should be added to stations 2 and 3 to achieve equivalent buffering
capacity to that of station 4, which are by no means unrealistic values. The iron sulfide
concentrations were higher at lower than 4 cm depth than those at greater than 4 cm depth
at stations 2 and 3; thus, the amount of iron required may be reduced by moving the FeS in
the existing bottom layer nearer to the surface layer by tilling the seafloor. Nevertheless,
further investigation is needed to assess the iron compound to be added by considering its
availability and effectiveness, and to calculate the required amount of iron compound via
quantitative analyses using numerical models.

5. Conclusions

The present study demonstrated that the amount of dissolved sulfide near the surface
was higher in the summer, whereas DO was depleted at the bottom of the water column
in different stations in the dead zone of Mikawa Bay. The depth-integrated dissolved
sulfide in the upper layer of the sediments was relatively low at the station located near
the river compared with the other stations located in the waterway associated with a
large-scale port. This difference in dissolved sulfide was ascribed to the magnitude of
the iron pools in the sediments, which appears to be an important factor for determining
the accumulated dissolved sulfide. Moreover, the estimated particulate oxidized iron
accumulation was higher at the station where dissolved sulfide concentration was low.
These results suggest that artificial addition of sufficient iron compounds to the seabed
may accelerate the chemical buffering capacity of the sediment toward sulfide and thus
prevent severe anoxic conditions in the bottom water of dead zones.
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