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Abstract. This study investigated sediment oxygen consumption rates and geochemical characteristics
using chamber experiments and geochemical analyses in the hypoxic area of Gamak Bay, Korea. The
organic carbon contents of surface sediments in Gamak Bay were higher in the northern inner bay area,
and dropped off toward the southern outer bay. The vertical profiles of calcium carbonate content in
piston core sediments indicated that hypoxia has frequently occurred during the past century in the
northern inner bay. Sediment chamber experiments were conducted in February, May, August, and
November 2010 and 2011 in the hypoxic area of the bay. In the sediment incubation experiments at site
C3 in the northern inner bay and site C17 in the southern outer bay, the sediment oxygen consumption
rate ranged from 3.98-12.43 mmol m? d and 3.28-8.18 mmol m d-, respectively. When the oxygen
was completely depleted, hydrogen sulfide was released at 1.38 and 1.3 mmol m2 d* at sites C3 and C17,
respectively.

Keywords: hypoxia, ocean acidification, dissolved oxygen, sediment oxygen consumption rate, sediment
incubation chamber

Introduction

Hypoxia occurs seasonally in coastal areas such as estuaries, coastal upwelling areas,
and eutrophic waters due to the excessive input of nutrients from rivers. Hypoxic water
masses have a dissolved oxygen (DO) concentration < 2 mg L due to biochemical
factors, and are mainly seen throughout the world in highly productive waters and semi-
enclosed bays, such as lakes and upwelling areas (Severdrup et al., 1972; Hanazato,
1997; Karim et al., 2002; Wu, 2002; Turner et al., 2005). When there is a large input of
organic matter to the ocean bottom layer, and the flow of seawater between the surface
and bottom layers is blocked due to stratification, an environment is created in which
hypoxia can occur.

Hypoxia is known to occur in the coastal areas of many Asian countries (Wu, 1982;
Hong, 1987; Jeng and Han, 1996; Lim et al., 2006). In Korea, hypoxia is reported to
occur often in the summer season in connection with red tides (Cho, 1991; Kim, 1990).
There is insufficient evidence supporting the occurrence of hypoxic water masses in
Cheonsu Bay and Gamak Bay (GB), but these Bays are a focus of concern due to
massive organism deaths (Shin, 1995). The depletion of oxygen in a water mass directly
affects the respiration and physiological functions of fish and shellfish, as well as the
species composition and abundance of benthic organism populations (Hong, 1987; Wu,

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(2):3199-3214.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1702_31993214
© 2019, ALOKI Kft., Budapest, Hungary



Lee et al.: Sediment oxygen consumption and hydrogen sulfide release in hypoxic areas of Gamak Bay, Korea
- 3200 -

2002; Karim et al., 2003). Bottom layer hypoxic water masses, which occur in coastal
areas, not only directly damage benthic organisms, but can have various secondary
effects on the coastal ecosystem. It is also known that the upwelling of hypoxic bottom
layers can directly lead to organism deaths and cause the water to lose its self-
purification functions (Yoon, 1998; Karim et al., 2002).

DO in ocean sediment is consumed by organic matter decomposition, benthic
organism respiration, and the oxidation of chemical species. Most DO is consumed by
organic matter decomposition, but it is also consumed by nitrification reactions in the
nitrogen cycle, the reoxidation of reduced manganese and iron species, and the
oxidation of hydrogen sulfide (Lee et al., 2008, 2010). These reactions occur after most
of the oxygen has been depleted. If the flow of seawater is disrupted, the reactions can
show high abundance and rapidly lead to an anoxic environment. If the anoxic bottom
layer environment persists, organic matter decomposition occurs in an anaerobic state
and produces ammonia, hydrogen sulfide, and methane. This can limit the distribution
and movement of benthic organisms (Yoon, 1998).

The GB is a semi-closed bay in the central part of the Korean peninsula’s South Sea.
It has an oval shape with a north-south length of 15 km, an east-west length of 9 km,
and large and small islands located at its entrance, giving it an almost-closed form. The
central area of the GB has a depth of 6-7 m, and the northern inner bay has a depth of
9-10 m. The seabed has a concave, basin-like topography (Fig. 1). The bay’s
sedimentary layer was deposited over the last 6,000 years in accordance with high water
levels. The thickness of the sedimentary layer is 5-25 m, being thickest in the central
part of the bay and thinner toward the northern inner bay (Kim et al., 2014). The GB is
surrounded by islands that strongly affect the conditions therein. Water from the open
sea flows in through the bay entrance, and also from another source, Gwangyang Bay,
causing different water masses to appear (Lee and Cho, 1990). Approximately 80% of
the seawater flows in and out of the bay through its northern entrance, while ~20%
flows in and out through a narrow channel. Seawater from both sides meets in the
middle of the bay (Lee and Chang, 1982). In summer, stratification occurs readily in
water masses in the northern inner bay due to the increased temperature of the surface
water and the inflow of freshwater. During flood tide and ebb tide, seawater flow only
occurs within the surface layer. It is known that in the northern inner bay, which has a
concave seabed, the bottom water is very stagnant (Lee and Cho, 1990).

Hydrogen sulfide is a toxic gas produced when sulfate-reducing bacteria reduce
sulfur compounds to hydrogen sulfide in an anaerobic state. Hydrogen sulfide is easily
oxidized, which results in the formation of sulfur precipitates. In anoxic environments,
hydrogen sulfide is released within the water column and causes mass death of
organisms (Milby and Baselt, 1999; Cuevasanta et al., 2017). Hydrogen sulfide is
highly toxic and causes great harm to organisms at concentrations of 500 ppm or more;
above 1,000 ppm, it causes death (Guidotti, 1994).

The purpose of this study was to investigate the effect of sediment on the hypoxia
occurring in GB in the summer of each year. We also investigated the phenomenon that
can occur as the duration of hypoxia increases. This study used sediment chamber
experiments to measure the oxygen consumed by sediments in regions of the GB where
hypoxic water masses occur, to understand how oxygen consumption affects the
formation of hypoxic water masses. This study also measured the hydrogen sulfide flux
released from sediments during continual hypoxia.
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Figure 1. The locations of piston coring sites (P1-P4), grab sampling sites (G1-G17), and

chamber experiment sampling sites (C3 and C17) in Gamak Bay, Korea. The solid lines are
contours of water depth; water depth is in meters

Materials and methods

Surface layer sediments were collected for analysis at 17 sites (G1-G17) using a grab
sampler. At 4 sites (P1-P4), a piston corer was used to collect core sediments. At 2 sites
(C3 and C17), a box corer was used seasonally to collect sediments for incubation
experiment (Fig. 1). In the bottom layer of site C3, a hypoxic water mass is formed
every summer season. In the bottom layer of site C17, DO concentration is normally
distributed. The incubation experiment samples were collected from 2 sites in May,
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August and November, 2010 and February, May, August and November, 2011,
respectively.

The surface layer sediment was placed in a sample bag and placed in cold storage. In
the laboratory, sediment samples were dried and powdered for geochemical analysis,
and particle size analysis was also performed. The core sediment was cut in the
laboratory, and subsampling was conducted at each measured depth. After pre-treatment
of the surface layer and core sediments, the particle sizes were analyzed. The pre-
treatment consisted of a 10% hydrochloric acid (HCI) solution, used to remove
carbonates, and a 30% hydrogen peroxide (H202) solution to remove organic matter.
The pre-treated sediment samples were cleansed several times with distilled water, and
a 4 ¢ sieve was used to divide the sediment into particle sizes > 4 ¢ and < 4 ¢. The
particle sizes of sediments < 4 ¢ were analyzed with a particle size analyzer (Sedigraph
5100), and the proportion of sediment > 4 ¢ was evaluated statistically (Folk, 1954).
After the sediment samples were transported to the laboratory and dried, their weight
was measured to assess their water contents. The dried sediment samples were
powdered, and their total carbon and inorganic carbon contents were measured. The
total carbon and nitrogen contents were analyzed using a CHNS elemental analyzer
(Carlo-Erba), and the inorganic carbon content was analyzed using a coulometric
carbon analyzer (UIC). The total organic carbon (TOC) content was calculated by
subtracting the inorganic carbon content from the total carbon content. The calcium
carbonate (CaCOs3) content was calculated by multiplying the inorganic carbon content
by 8.33.

After collecting sediment samples in a chamber, incubation experiments were
performed in an environment similar to the field conditions in terms of temperature and
light. Using a temperature-adjustable water bath, the chamber temperature was kept as
similar as possible to that of the bottom water. A dark room with almost no natural light
was created, so that exposure to light was minimal. Bottom water (~ 2 L) collected sites
C7 and C13 was carefully poured into the chamber containing the sediment samples to
cause minimal disturbance to the sediment, and contact with the air was completely
blocked. The chamber was equipped with a Clark-type oxygen sensor, a pH sensor, and
a hydrogen sulfide sensor (Unisense), and the hourly changes in all three parameters
were recorded. The stirrer was connected to the decelerating motor and stirred at 9 rpm
in the overlying water (Fig. 2). The sediment incubation was performed until the
oxygen was completely depleted or the reduction in oxygen became steady. At the
beginning and end of the incubation, overlying water was collected, and the DO
concentration was adjusted via Winkler titration. The sediment oxygen consumption
rate (SOCR) and hydrogen sulfide flux were estimated by reference to the changes in
the concentrations measured by the respective sensors in the chamber, and using
Equation 1:

F = dC/dt x V/A (Eq.1)

where F is the net flux of substance via the water-sediment boundary layer (mmol m
day?), dC/dt is the slope of the changes in the concentration of substance over time
(mmol Lt d?Y), V is the chamber volume (L), and A is the area of the chamber’s
horizontal plane (m?).
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Figure 2. A schematic diagram of a sediment incubation chamber

Results
Surface sediment distribution

The surface sediment in the GB is mostly mud, and the amount of sandy sediment
increases as one moves toward the southern outer bay. Some gravel sediment is
distributed in the deep waterways in the southern outer bay (Fig. 3a). The mean particle
size of the sediments tends to be fine in the northern inner bay, becoming coarser
toward the outer bay. However, the overall bay contains fine sediment with a particle
size above 8 ¢, except at the entrance to the open sea (Fig. 3b). The surface layer
sediment TOC content is high in the inner bay, at > 2%. In the middle of the bay, the
TOC content is < 1% (Fig. 3c). The C/N ratio is > 8 in several regions that are adjacent
to cities in the northern inner bay. However, the overall bay has a low C/N ratio of < 8
(Fig. 3d).

Core sediment vertical distribution

The TOC content was the highest at site P1, at > 1.5% of the sediment surface, with a
gradually decreasing trend as the depth increases. However, at sites P2, P3, and P4,
there was almost no change in organic carbon content according to depth, and the TOC
was relatively low, at < 1% (Fig. 4). The CaCOs content showed an unusual distribution
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at site P1, with > 1% CaCOgs in the surface sediment, but a very low content of < 0.1%
below 20 cm in depth. Conversely, at sites P2, P3, and P4, the CaCOs content showed
almost no vertical change and was fixed at ~2%. At a depth of ~200 cm at site P4, the
CaCOs content was relatively high, at 4%.
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Figure 3. (a) Sediment type, (b) mean grain size, (c) total organic carbon (TOC) content, and
(d) C/N ratio in surface sediments of Gamak Bay

Sediment oxygen consumption rate (SOCR)

In the sediments collected from sites C3 and C17 in May 2010, the DO concentration
began to decrease as soon as the incubation experiment was started in the chamber, and
the decrease was more rapid in the sediment from site C17 than in that from site C3
(Fig. 4). At site C17, there was a rapid decrease from the start of the incubation until
12 h, followed by a gradual decrease. This differed from site C3, where the decrease
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was gradual from the outset. At site C3, the SOCR was 3.58 mmol m? d%; at site C17, it
was 9.25 mmol m d. Regarding the incubation results for May 2011, site C3 showed
trends similar to those in 2010, while site C17 showed a smaller reduction in DO at the
start of the incubation experiment. However, compared to site C3, the extent of DO
reduction was larger; 32 h after the start of the incubation, the DO was completely
depleted and the water became anoxic. The SOCR in May 2011 was 3.98 mmol m d*
site at C3 and 7.17 mmol m d! at site C17.
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Figure 4. (a) Vertical profiles of organic carbon contents and (b) calcium carbonate (CaCOs)
contents at four piston coring sites

In the August 2010 sediment incubation experiment, there was no great difference
between sites C3 and C17. Site C17 showed a slightly larger reduction in DO, but the
reduction trends were almost the same. In contrast, in August 2011, the DO reductions
at both sites were more rapid than in 2010. Site C3 became anoxic at 18 h after the start
of the culture, and site C17 became anoxic after ~28 h (Fig. 5). In August 2010, the
SOCRs were 3.94 and 4.31 mmol m? d* at sites C3 and C17, respectively; in August
2011, the SOCRs were 12.43 and 8.18 mmol m d1, respectively.

In the November 2010 sediment incubation experiment, the DO decreased more
rapidly than in August. The DO concentration in the bottom water was higher in
November than in August, and the DO consumption was accelerated. The SOCR at site
C17 remained high. Conversely, in 2011, the SOCR at site C17 was markedly lower
than at site C3 (Fig. 6). The bottom water temperature in the GB in November 2011
remained comparatively high at 18 °C, and the DO consumption was accelerated by the
high water temperature. In November 2010, the SOCRs at sites C3 and C17 were 5.35
and 6.21 mmol m2 d*, respectively; in November 2011, the SOCRs were 6.40 and
3.28 mmol m2 d%, respectively.

In the February 2011 sediment incubation experiment, sites C3 and C17 showed
similar DO reductions. Despite having the highest DO concentration at the start of
incubation, the SOCR was not large (Fig. 6). In February, the SOCRs at sites C3 and
C17 were 4.43 and 4.23 mmol m2 d*. As the sediment was incubated, the pH decreased
in accordance with the reduction in DO concentration. The reduction in pH showed a
similar trend to the oxygen consumption: when the DO decreased rapidly, the pH also
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decreased rapidly, and when the decrease in DO was gradual, the decrease in pH was
also gradual (Fig. 7).
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Figure 5. Time-series of bottom water dissolved oxygen (DO) concentrations in chamber
experiments using surface sediments from sites C3 and C17 in Gamak Bay, in May 2010, May
2011, August 2010 and August 2011. The solid lines indicate the results of linear regression at
considerable oxygen reduced section

Hydrogen sulfide release

To examine the substances released from sediments under anoxic conditions, a
hydrogen sulfide sensor was installed in a sediment culture chamber in August 2011.
During the experiment, the maximum oxygen consumption occurred, and the oxygen
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was depleted not long after the start of the culture, creating an anoxic environment. At
site C3, hydrogen sulfide was released only a few hours after the DO was depleted. At
site C17, hydrogen sulfide was released 50 h after the oxygen was depleted (Fig. 8).
The hydrogen sulfide flux at the sediment surface layer was 1.38 mmol m d! at site C3
and 1.31 mmol m2 d* at site C17.
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Figure 6. Time-series of bottom water DO concentrations in chamber experiments using
surface sediments from sites C3 and C17 in Gamak Bay, in November 2010, November 2011
and February 2011

Discussion
Characteristics of sediment distribution

The northern area of the GB is close to a region with a dense urban population, and
the ocean currents in the area are very slow. The sediment in the area is artificially
inflowing organic matter, which immediately sinks and accumulates. The central area of
the GB has a low organic carbon content due to the relatively steady ocean current flow,
and deposited organic matter is actively decomposed. As the overall C/N ratio in GB
sediment is < 8, the organic matter deposited in the bay primarily originates from the

ocean (Prahl et al., 1994). In the inner area of the GB, some organic matter flows in
from the land.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(2):3199-3214.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1702_31993214
© 2019, ALOKI Kft., Budapest, Hungary



Lee et al.: Sediment oxygen consumption and hydrogen sulfide release in hypoxic areas of Gamak Bay, Korea
- 3208 -

8.24 8.2

e

8.1 W*o.“’. AApAp
%040 AA 5
8.0 oo 8.0 AA
*ray, N
791 MAAC TN 7.94 N
T & ®oe, ' Ap
o Ap
78 7.8 A,
A
7.7 974 AAAAA
A
761 7.64 AA
C3 (May, 2011) C17 (May, 2011)
75 75
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
8.2 s.zJ
o,
8.01 "‘0., % 8.0 AAQAA
N N
0. AA
T 78 . 78 W
a . v
\
761 “"‘00““ i AAAAAAAAMAMM
00.‘.
00,
7.4] * v, 7.4 o,
C3 (August, 2011) C17 (August, 2011)
72 72
0 10 20 30 40 50 0 10 20 30 40 50
8.2 8.2,
4
S-M s-%
* A
7.8 s 7.81 AAM%
0’.
]c:z 7.61 e, 7.61 AAA
*e
7.4 e 741 AAAAAAMAAAAA%MM
e
*
7.2 v 7.21
C3 (November, 2011) ¢ C17 (November, 2011)
7 ; . : 7 g . .

0 10 20 30 40 50 60 70 0 20 40 60 80 100
. 8.2
8.11AAAAAAA
&1«».,““..‘. AAAAAAAAA
o L 22 TITN 8 BAAAA,
T+ a0, AAAAAAAA
a79 *oey, 7.94
®ee
7.84 7.84
7.74 7.71
C3 (February, 2011) C17 (February, 2011)
76 : ; ; . ; ; i 76
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time(hour) Time(hour)
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The surface layer sediments around site P1 had a relatively high organic carbon
content distribution compared to the other sites, which corresponds with the core
sediment analysis. The organic carbon content was high at the surface, and decreased
with depth. This is due to the remineralization process caused by the decomposition of
organic matter. However, at other sites, there was almost no change in organic carbon
content with sediment depth, due to the relatively low level of organic matter
remineralization. Due to the small proportion of organic matter that sinks to the bottom,
relatively little remineralization of organic matter occurs.

At site P1, the vertical distribution of CaCOsexhibited relatively high contents at the
sediment surface, but very low contents at a level only slightly deeper. The surface
sediments had a relatively low CaCOs3 content compared to the other sites, but the
contents further decreased with depth due to dissolution within the sediment. The
vertical distribution suggests an environment in which CaCOs3 easily dissolves. When
the pH is low, the CaCOs dissolution rate tends to increase, and it can be inferred that
site P1 had a very low pH for some time; such low pH mainly occurs in hypoxic or
anoxic environments. Deoxygenation can result in hypoxia (oxygen depletion
detrimental to many organisms), and the combined processes are often referred to as
ocean acidification and hypoxia (Klinger et al., 2017). The calcification process of
marine organisms has mostly exhibited negative sensitivity to ocean acidification,
which would lead to a decrease in larval supply and recruitment of adult population
(Hendriks et al., 2010; Waldbusser et al., 2015). Ocean acidification can have a
significant impact on oyster production in GB, where a large number of oyster farms are
well developed.

According to Shin et al. (2012), the sedimentation rate in the central area of the GB
is estimated at 2.5 cm year™, while that in the bay interior is estimated to be slightly
lower. Based on this, sediments at the 250 cm depth are estimated to be 100 years old,
and hypoxia may have occurred in the vicinity of site P1 for the past 100 years. This
hypoxia is likely the result of the topography of the seabed, which is convex and basin-
like in shape.

Sediment oxygen consumption and hydrogen sulfide release

The larger SOCR at site C17 compared to site C3 is due to numerous benthic
organisms, such as bivalves, living in the sediment, where their respiration rapidly
reduces the DO. There are relatively fewer benthic organisms living at site C3, and most
of the DO is likely consumed by the chemical decomposition of organic matter and the
oxidation of chemical species caused by early diagenesis. Similarly, the SOCR is higher
at site C17, but hypoxia does not occur due to the relatively active seawater flow
between the open sea and the southern outer bay (Lee and Chang, 1982), which
provides a steady supply of DO.

The release of carbon dioxide during organic matter decomposition causes the
bottom water carbon dioxide concentration to increase and the pH to decrease. The
resulting formation of hypoxic water masses contributes to ocean acidification, and the
lower pH can affect organisms directly and indirectly. In particular, the increased
solubility of CaCOs3 affects both the CaCO3 content in the sediment and the sediment-
dwelling organisms, the bodies of which contain CaCOs.

The incubation experiments showed similar SOCRs at sites C3 and C17. However,
hypoxic water masses form at site C3, but not at site C17, likely due to the action of
bottom layer currents. Stratification exists at site C3, and the flow of bottom water is
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completely blocked, while the inflow and outflow of water from the open sea is
relatively active at site C17 (KORDI, 2012). The concave basin-shaped seabed
topography at site C3 is likely also a contributing factor.

Anthropogenic processes during the last century (e.g., nutrient and organic matter
loading) have caused large increases in the number of areas suffering from hypoxia in
the world’s coastal oceans (Breitburg et al., 2018; Yoann et al., 2018). Global warming
as a causes of oxygen loss in the global ocean (Brewer and Peltzer, 2016). Ocean
warming reduces the solubility of oxygen and decreasing solubility is estimated to
account for ~15% of current total global oxygen loss (Helm et al., 2011; Schmidtko et
al., 2017).

Kim et al. (2010) examined the river pollution load that flows into the GB. The total
monthly flux of the rivers was 87,220-191,686 m® day™, with a total nitrogen load of
1,112 kg day™, a total phosphorus load of 89 kg day™, and a TOC load of 285 kg day™.
Higher pollution loads were seen in May and July when there was a lot of seasonal rain,
as well as at the sewage treatment plant near point C3 and the drainage area near
Seonso. It can be inferred that the pollution sources flowing in via rivers directly affect
the formation of hypoxic water masses in the northern inner bay. Environmental
restoration is greatly affected by the nature of the substances polluting the environment
(Gray et al., 2002; Pereira et al., 2004). In the case of organic pollution, the environment
recovers relatively slowly from substances with slow, complex decomposition
processes, such as sewage, in comparison to the recovery from pollution caused by feed
and primary production (Munari, 2003; Smith and Shackley, 2006). In the northern
inner bay, excessive organic matter has accumulated due to human activity (Yoon et al.,
2008). Therefore, the recovery will likely be very slow, and hypoxia will occur yearly.
The SOCR is high when the bottom layer DO concentration is low and the bottom layer
temperature is high (Fig. 9). Hypoxic water masses mainly occur during summer in the
GB, because the SOCR increases due to high temperatures and the oxygen supply is
interrupted by the formation of stratification. Hypoxic water masses in the GB onset in
May and continue into November. The chamber experiments demonstrated the
possibility of formation of an anoxic environment if the hypoxic water mass continues
for a long time, depleting the oxygen in the bottom layer. If the bottom layer becomes
anoxic, the pH might rapidly decrease, causing the release of nutrients and gaseous
components, such as hydrogen sulfide, into the sediment.

Kim et al. (2011) estimated that over 70% of the phosphorous in the GB is labile, and
can easily move into the water column due to environmental changes such as sediment
disturbances or oxidation/reduction, thus becoming a large source of dissolved
phosphorous in the water. Deoxygenation of the sediment increases the possibility of a
large release of dissolved phosphorous into the water column. In an anoxic
environment, hydrogen sulfide and methane would also be released into the water
column.

In the chamber experiments conducted in this study, the hydrogen sulfide
concentration in the overlying water was ~30 pmol L?, a level that is harmful to
organisms. Hydrogen sulfide concentrations of 20-30 umol L cause liver damage and
fatal gill necrosis in fish (Keimer et al., 1995). Hydrogen sulfide released from anoxic
sediments is immediately oxidized by oxygen in the water column (Brooks and
Mahnken, 2003). However, even at concentrations < 10 pmol L?, fish experience
physiological stress and stunted growth (Black et al.,, 1995). Long-term anoxic
conditions increase the risk that hydrogen sulfide concentrations will rise to levels fatal
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to bay organisms. To date, there have been no reports of organism deaths due to
hydrogen sulfide in the GB. However, there have been cases in which hypoxia occurred
in July and persisted until October, and the ecosystem may have been disturbed by
hydrogen sulfide release. This phenomenon is expected to occur more often in the near
future due to global warming.
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Figure 9. Sediment oxygen consumption rate (SOCR) versus (a) bottom water DO
concentration and (b) bottom water temperature at sites C3 and C17 in Gamak Bay

Conclusion

In the GB, the surface sediment organic matter content is high in the inner bay, and
decreases toward the open sea. Most sediment organic matter in the GB originates from
the ocean. However, in the northern inner bay, several areas contain sediment organic
matter originating from the nearby land. The hypoxic water masses that frequently
occur during summer in the northern inner bay are caused by the high sediment organic
matter content and obstruction of seawater flow. The core sediment from the northern
inner bay exhibited very low CaCO3z contents down to 260 cm in depth, indicative of a
sediment environment with very low pH in which hypoxia can occur. This recurring
hypoxic environment has persisted in these waters for hundreds of years.

At site C3, which is in the northern inner bay and frequently experiences hypoxia,
the SOCR ranged from 3.98-12.43 mmol m d, while at site C17, which is near the
open water and does not experience hypoxia, the SOCR ranged from 3.28-8.18 mmol
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m2 d, which is largely similar. Despite the high SOCR, hypoxia does not occur at the
southern part of the GB near the open sea due to the active flow of seawater and the
steady supply of oxygen. The SOCR seems to be most closely related to the bottom
water temperature. If the temperature is high, the bacteria related to organic matter
decomposition are highly active, and when decomposition occurs more actively, more
oxygen is consumed.

Hypoxic water masses, which continually occur during summer in the northern inner
bay, can cause reductions in pH and affect ocean acidification. If a hypoxic water mass
persists in the bottom layer, the water can become anoxic, and hydrogen sulfide and
other chemicals may be released from the sediment. The hydrogen sulfide flux was 1.38
and 1.31 mmol m dat sites C3 and C17, respectively. The chamber experiment results
demonstrate the possibility that hydrogen sulfide could be released at a concentration
that is harmful to bay organisms.
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