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Abstract The relationship among H2S, total organic

carbon (TOC), total sulfur (TS) and total nitrogen contents

of surface sediments (0–1 cm) was examined to quantify

the relationship between H2S concentrations and TOC

content at the sediment water interface in a coastal brackish

lake, Nakaumi, southwest Japan. In this lake, bottom water

becomes anoxic during summer due to a strong halocline.

Lake water has ample dissolved SO4
2- and the surface

sediments are rich in planktic organic matter (C/N 7–9),

which is highly reactive in terms of sulfate reduction. In

this setting the amount of TOC should be a critical factor

regulating the activity of sulfate reduction and H2S pro-

duction. In portions of the lake where sediment TOC

content is less than 3.5 %, H2S was very low or absent in

both bottom and pore waters. However, in areas with

TOC [3.5 %, H2S was correlated with TOC content (pore

water H2S (ppm) = 13.9 9 TOC (%) - 52.1, correlation

coefficient: 0.72). H2S was also present in areas with sed-

iment TS above 1.2 % (present as iron sulfide), which

suggests that iron sulfide formation is tied to the amount of

TOC. Based on this relationship, H2S production has pro-

gressively increased after the initiation of land reclamation

projects in Lake Nakaumi, as the area of sapropel sedi-

ments has significantly increased. This TOC–H2S rela-

tionship at sediment–water interface might be used to infer

H2S production in brackish–lagoonal systems similar to

Lake Nakaumi, with readily available SO4
2- and reactive

organic matter.

Keywords Hydrogen sulfide � Total organic carbon �
Sediment–water interface � Brackish water environment

Introduction

In restricted coastal brackish water bodies hypolimnion

waters often becomes anoxic due to stratification by a

halocline, which allows hydrogen sulfide (H2S) production

in the surface sediments. Understanding the relationship

between H2S production and bottom environments in

coastal brackish lakes is critically important because H2S

has a negative effect on aquatic and benthic ecosystems in

these environments and can seriously harm fishery pro-

duction. Previous studies have shown that H2S is produced

by the reduction of interstitial dissolved sulfate by sulfate

reducing bacteria using sedimentary organic matter as a

reducing agent and energy source (Berner 1984). The

availability of dissolved sulfate and organic matter, are the

factors controlling H2S concentration. In a coastal brackish

lake system seawater typically supplies ample sulfate so
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that the reactivity and amount of organic matter in

sapropelic sediments are thought to be the primary limiting

factor in the production of H2S by bacterial sulfate

reduction. Boudreau and Westrich (1985) showed that the

reactivity of organic matter for the sulfate reduction

decreases with time and with an increase in available

oxygen. In particular, surface sediments, which contain

large amounts of the freshly deposited planktic organic

compounds, are very important in the production of H2S by

sulfate reducing bacteria (Berner 1984). These studies also

suggested that the amount of organic matter available to

microorganisms in the surface sediments is a critical factor

regulating the activity of the sulfate reduction and H2S

production (Ramm and Bella 1974; Nedwell and Abram

1979), however the quantitative relationship between H2S

production and sedimentary organic matter (i.e., total

organic carbon content; TOC) at the sediment–water

interface (SWI) has not been explored. This study exam-

ines H2S and TOC content at the sediment water interface

in coastal brackish Lake Nakaumi, where bottom sediments

are rich in planktic organic matter (Sampei et al. 1997a)

and summer anoxia is common in bottom waters due to a

strong picnocline (Sakai et al. 2004).

Materials and methods

Lake Nakaumi, in southwest Japan, has an area of

86.8 km2 with an average water depth of 5.4 m. It was

formed by the growth of the Yumigahama sand bar in

combination with sea level rise after the last glacial period

(Tokuoka et al. 1990). Seawater enters through the Sakai-

Strait, and river water flows in from the Ohashi River

(Fig. 1). The two bodies of water, having different densi-

ties, form a vertical gradient of chemical properties in the

lake. The salinity of the epilimnion of the lake water is

typically about 17 psu and that of the hypolimnion is about

27 psu (Date et al. 1989). The vertical gradient in salinity

increases during the summer, leading to oxygen-poor or

anoxic bottom waters, indicating that the lake bottom may

be below the redox boundary in this season.

The vertical distribution of water temperature, salinity,

DO, and H2S concentrations in the southern portion of

Lake Nakaumi (Station 18, 6 m water depth, has the largest

seasonal change in oxic–anoxic conditions in Lake Naka-

umi; Fig. 1) from May to October 2003 is summarized in

Sakai et al. (2004). Bottom water temperatures range from

approximately 16 to 23� C, and the thermocline gradient at

a depth of 3–4 m is relatively weak and ranges from 3 to

5� C The salinity of the epilimnion fluctuates widely,

6–20 psu, depending primarily on the amount of river

water inflow (Tokuoka et al. 1994) and precipitation rates

(Ohtake et al. 1982). In contrast, the salinity of the

hypolimnetic water shows relatively little fluctuation, ranging

from 27 to 32 psu. As a result, Lake Nakaumi was most

strongly stratified by a halocline at a depth of 3–4 m in August

and September 2003 when the precipitation rates were high,

even though it is a shallow lake (Sakai et al. 2004). The upper

water column is saturated with respect to DO due to gas

exchange with the atmosphere and high phytoplankton

activity. In contrast, DO decreases at the hypolimnion because

the halocline prevents the vertical transport of oxygen and

other dissolved components (Ohtake et al. 1980; Kondo et al.

1994; Seike et al. 1997). Anoxic water (\0.5 mg Ol-1) and

H2S were observed in hypolimnetic water from August to

September 2003 at a depth below 5 m (Sakai et al. 2004).

Samples of the lake bottom water and the upper *1 cm

of sediment were collected with a Niskin sampler and an

Ekman-Birge type bottom sampler from 33 stations in Lake

Nakaumi on 7–9 September 2003 (Fig. 1; Sakai et al.

2004). H2S concentration was determined using a modifi-

cation of the methylene blue method of Cline (1969) in

order to avoid volatilization of H2S and to simplify the

sampling procedure (see Sakai et al. 2004). Sediment pore

water was extracted by filling a 10 ml capacity syringe

with sediment from the upper 1 cm of a grab sample and

squeezing it through a 0.45 lm filter. Sediment remaining
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in the syringe was used for total organic carbon (TOC)

analyses, which means that pore water H2S and sediment

TOC concentrations were analyzed from exactly the same

material. TOC, total nitrogen (TN) and total sulfur (TS)

concentrations were measured using a FISONS elemental

analyzer EA1108 after removal of carbonates by addition

of 1 M HCl (Sampei et al. 1997b). For pretreatment, 15 mg

of sample was placed in a Ag foil cup, and 1 M HCl added

several times and dried at 110 C for 60 min. The dried

sample was then wrapped in Sn foil for combustion. BBOT

[(2,5-bis-5-tert-butyl-benzoxazol-2-yl)-thiophen: FISONS

Instruments] was used as a standard, and standard regres-

sion line method was employed for quantitative analysis.

Results and discussion

H2S distribution in the bottom and pore water

Based on the distribution of H2S in bottom water, pore

water and DO in bottom water (Fig. 2a–c; Sakai et al.

2004), three oxic–anoxic states (DO states) can be

observed; DO State 1 (DOS1):in this clearly oxic waters,

H2S was not detected in either bottom or pore waters,

DOS2: where H2S was detected only in pore water and the

overlying hypolimnion is anoxic to suboxic and DOS3:

where H2S was detected in both the bottom and pore

waters, the hypolimnion was anoxic.
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Detailed characteristics of the three DO states:

1. DOS1: H2S was not detected in pore waters near

the Sakai-Strait (Station 10, 14, 15, 20, 24) and near

the Ohashi River (Station 1–2). This is likely due to the

inflow of oxygen-rich seawater ([0.2 mg/l at Station

10, 14, 24; [0.1 mg/l at Station 15 and 20) and river

water ([0.2 mg/l at Station 1 and 2) (Fig. 2c). Water

depth at Stations 1 and 2, near the Ohashi River, is

approximately 4 m, equivalent to the depth of halo-

cline. The sediments at these stations, therefore, are

usually in contact with the oxic epilimnion.

2. DOS2: Pore water H2S concentration in the western,

central and eastern part of the lake were high (0.4 –

19.4 mg S l-1; Station 3, 4–9, 11, 17, 21, 22, 25–26,

28), and correspond to DOS2 above, a sub-oxic to

anoxic water column (DO are [0.2 mg/l at Station 3,

7, 17; 1.0–2.0 mg/l at Station 4, 6, 25; \0.1 mg/l at

Station 5, 8, 9, 11, 21, 22, 26, 28) where H2S is

detected in pore water only (Fig. 2c). This result

implies that DO in the hypolimnion is consumed by the

decomposition of organic matter during transport of

more saline water from the Sakai Strait to this region,

which leads to bottom water anoxia.

3. DOS3: H2S concentrations in the southern part of the

lake and the Yonago-Bay area show relatively high

values in both pore water (0.1–44.2 mg S l-1; Station

12, 13, 18, 19, 23, 27, 29–33) and bottom water

(5–207 lg S l-1) due to stagnant hypolimnetic water

(DO is \0.1 mg/l except for Station 13) (Fig. 2c)

(Hashitani et al. 1990).

H2S concentrations in pore waters were 10–200 times

greater than those in the overlying water (Fig. 2a, b; Sakai

et al. 2004). It can therefore be presumed that H2S pro-

duced in the surface sediment diffuses into the overlying

water. This suggests, that water circulation and diffusion

replenishes some of the DO in bottom waters, due to the

tidally driven physical mixing and influx of seawater, and

that pore water has little opportunity to take up DO because

of slow and limited circulation within the sediment (Ohtake

et al. 1982; Seike et al. 1997). A study of Lake Nakaumi

bottom water and surface sediments by Seike et al. (1997)

showed that denitrification by acetylene reduction can

proceed in reduced sediments even when oxic bottom

water is present at the sediment–water interface. As a

result, the H2S of surface sediments in Lake Nakaumi may

maintain anaerobic conditions long after the bottom waters

return to oxic conditions as seen in DOS2. Thus, although

anoxic conditions develop in the hypolimnion and at the

sediment–water interface in summer seasons, the hyp-

olymnion is affected by tidal-induced seawater and river

water inflow, which contain high amounts of dissolved

oxygen (Seike et al. 1997). In turn, various redox (oxic to

anoxic) conditions are simultaneously present in Lake

Nakaumi, allowing us to evaluate the quantitative relationship

between H2S concentrations and sedimentary organic matter

(i.e., TOC contents) at the sediment–water interface.

Relationship between H2S concentrations and TOC

contents

The distribution of H2S in pore water is very similar to that

of the TOC content of surface sediment (Fig. 2b, d). High

TOC contents ([3.5 %; equivalent to the anoxic and

unstable anoxic states—DOS2 and DOS3) were recorded

in the western, central, and southern parts of the lake, and

in the Yonago-Bay area (Fig. 2d). The sediments of the

Sakai-Strait and Ohashi river areas contained relatively low

TOC (\3.5%; equivalent to DOS1). These results suggest

that TOC content is related to redox conditions, and that

the decomposition of organic matter is controlled by the

inflow of oxic seawater and river water (Kurakado et al.

1998). Figure 3 shows that the H2S concentration of pore

water is characteristically related to TOC content of the

surface sediment. In areas where TOC content is less than

3.5 %, H2S concentration in both bottom and pore water is

zero or extremely low, whereas in areas above 3.5 % TOC,

H2S was detected and correlated with TOC content. A

linear relationship between sediment TOC and hydrogen

sulfide concentration in pore water is present when TOC

content is above 3.5 %: pore water H2S (ppm) = 13.9 9

TOC (%) - 52.1 [correlation coefficient is 0.72 (n = 18)].

The slope of this relationship suggests that the H2S content

in pore water increases by *14 ppm for every 1 %

increase in sediment TOC above 3.5 %.

In general, the rate of bacterial sulfate reduction is

controlled by the availability of both dissolved sulfate and

organic matter (Berner 1984). When dissolved sulfate
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content is above *5 mM (less than 15 % of the seawater

sulfate value) sulfate is not rate limiting for bacterial sul-

fate reduction, as was shown using a 35S tracer (Boudreau

and Westrich 1985). In case of Lake Nakaumi, the salinity

of the bottom environment is about 27–32 psu (i.e., near

marine sulfate content), which indicates that ample sulfate

is available for sulfate reduction (Kaplan et al. 1963). As a

result, the major factor controlling H2S production derived

from bacterial sulfate reduction at the SWI in Lake

Nakaumi is the amount and reactivity of organic matter

deposited in the sediment (Berner 1984). Several studies

have suggested that the rate and efficiency of sulfate

reduction depends on the type of organic matter present,

primarily the degree of preservation of freshly deposited

planktic organic matter (Westrich and Berner 1984; Sam-

pei et al. 1997c). The C/N ratios of the surface sediment

organics in Lake Nakaumi analyzed in this study are 7–9 at

most sampling stations in the lake. Figure 4 shows that

TOC has a good correlation with TN with positive slope of

about 8.7, which indicates that this organic matter is

derived mainly from planktic organisms (Bordowskiy

1965; Sampei and Matsumoto 2001). Lake Nakaumi

is likely to be rich in planktic organics: the water depth is

shallow; the lake is easily stratified and bottom water is

seasonally anoxic; and both primary productivity and

sedimentation rates are high (1–2 mm year-1; Nakano-umi

and Shinji-ko Research Group et al. 1987; Shinji-ko

Research Group et al. 1986; Sampei et al. 1997a). In most

settings, organic burial rate and the degree of preservation

of organic matter are positively correlated with total sedi-

mentation rate (Berner 1989). Therefore, the planktic

organic matter in Lake Nakaumi may be less oxidized and

have spent less time in the water column or at the sediment

surface (as freshly-deposited organic matter) in comparison

with the marine depositional environment (Sampei et al.

1997c). The surface sediments of Lake Nakaumi, therefore,

have a high rate of bacterial sulfate reduction because of

the high reactivity of organic matter. Consequently, the

limiting factor for bacterial sulfate reduction at the SWI in

Lake Nakaumi is the amount of TOC. The H2S–TOC

relationship of this study shows that the TOC content

threshold for the production of H2S in surface sediment is

3.5 %. In addition, sediment TS content, dominated by iron

sufide-S (Sampei et al. 1992), is also related to H2S content

(Fig. 5). H2S is only detected in regions above 1.2 %

sediment TS content. This suggests that the basic driving

force behind iron sulfide-S formation (TS) is the amount of

reactive organic matter in combination with H2S in the

pore water (Berner 1989). This has also been documented

by Lin and Morse (1991), who showed a relationship

between organic carbon and sulfate reduction/ion sulfide

mineral formation in anoxic sediments of the Gulf of

Mexico.

Use of the H2S–TOC relationship in multi-decadal

environmental history studies

Using this H2S–TOC relationship, it is possible to estimate

the distribution of H2S generating regions in Lake Nakaumi

from the threshold TOC content (3.5 %). Sediment TOC

contents in Lake Nakaumi have been mapped a number of

times since the 1960s (Mizono et al. 1969; Ono and Ono-

dera 1976; Kurakado et al. 1998) (Fig. 6). Beginning in the

1960s there has also been significant modification of the

lake through the Nakaumi reclamation and freshening

project, conducted by the Ministry of Agriculture and

Forestry (Date 1978). The purpose of this project was to

reclaim a total of 28 km2 of agricultural lands from Lake

Nakaumi, and also to convert the remaining lake area of

some 3 9 108 m3 into a fresh water reservoir to supply

irrigation water for the newly reclaimed lands. The phys-

ical hydrography of Lake Nakaumi has been greatly
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changed by reclamation activities, including enlargement

and deepening of channels, the construction of the Nakaura

water-gate during 1968–1974 (Fig. 6c, d), and construction

and later modification of the polder dykes which are sur-

rounding Honjo Area during 1978–1981 (Fig 6c, d). Prior

to the reclamation activities, seawater entering from the

Sakai Strait primarily flowed north of Daikon-jima toward

the center of the lake, leading to a generally counter-

clockwise circulation pattern (Fig. 6a, b). After the dyking

of the Honjo area, completed in 1982, this westward flow

was completely blocked and the seawater from Sakai strait

flowed southward through the Nakaura-gate toward the

center of the lake (Fig. 6c, d). At present water exchange

with the open ocean is allowed only through the Nakaura-

gate.

TOC distributions have very different patterns before

(Fig. 6a, b) and after (Fig. 6c, d) the Nakaumi reclamation

project construction was completed. Areas with TOC

contents greater than 3.5 % are generally on the eastern

half of the lake, south of Daikon-jima, and in Yonago-Bay

before the construction (Fig. 6a, b). After construction

TOC is highest in the western, central, and southern parts

of the lake, and in Yonago-Bay (Fig. 6c, d). These results

suggest that the change in circulation within the lake

associated with the reclamation project construction

activity significantly affected the distribution of TOC in the

lake’s surface sediments. The impact of Nakaumi recla-

mation project was a drastic change in the redox conditions

at the SWI, the place of the organic matter decomposition/

oxidation, because the delivery of oxic waters is the only

source of oxidants (mainly O2) and the flow and flux of

both seawater and river water to the lake was modified by

the reclamation works. The area characterized by TOC

greater than 3.5 % has progressively increased in the last

four decades, which implies an increase in the H2S pro-

ducing environments (Fig. 6a–d).

In the summer of 2000 the Nakaumi reclamation project

was abandoned, and at the end of 2002 the desalination
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project was also canceled when it became clear that

alternative water supplies existed for agriculture in this

region. As a result, Lake Nakaumi survived as a coastal

lagoon, but large artificial structures wall off one-third of

the lake area and have modified the topography, circula-

tion, and bottom environments of the lake as clearly shown

in this study.

In conclusion, the TOC–H2S relationship of the sedi-

ment–water interface shown in this study may be a useful

indicator for mapping the distribution of H2S production in

brackish systems similar to Lake Nakaumi (having a high

SO4
2- supply available to the bottom waters and surface

sediments rich in planktic organic matter). These obser-

vations may be a guide for the historical evaluation of its

negative effects on aquatic ecosystems.
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