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Fig.  1-1. Location of the on-site test at Shimizu Port in Shizuoka (Miyata 
et al . 2009).  
 
 
 
 
 
 
 
 
 
 
Fig.  1-2. Schematic diagram of the  on-site test to verify the effect  of the 
steelmaking slag on suppressing dissolved sulfide. Stone-shape concrete 
blocks, granite blocks, and steelmaking slag  were set on the sea bottom at 
the head of Shimizu Port,  Shizuoka (Miyata et al .  2009).  
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Fig. 1-3. Sulfide concentrations in overlying water, middle and bottom 
interstitial water in stone-shape concrete blocks, granite blocks , and 
steelmaking slag two months later the installation in July 2003. Cited 
from Miyata et al . (2009).  
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Fig.  1-4. Schematic diagram of the test conducted under the oyster 
culture raft . Etajima Bay, Hiroshima (Miyata et al.  2009). Stone-shape 
steelmaking slag and granite were put in 20 L containers, and installed 
on the sea bottom below oyster culture rafts  on July 2005. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1-5. Temporal  changes of (a) sulfide concentration and (b) 
oxidation-reduction potential (ORP) in interstitial  water (Miyata et al .  
2009).  See Fig. 1-4 regarding the experimental settings.  
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Fig. 1-6. Classification of iron and steel  slags. 
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Table 1-1. Typical  chemical composition of iron and steelmaking slags.  
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MnO 0.3 5.3 7.9 1 0.2 -

Andesite Ordinary
cement

Blast furnace
slag

Electric arc furnace slag
Converter slag



  16 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1-7. Usage of blast furnace slag in 2012 in Japan  (Unit:  103 t) .  
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Fig. 1-8. Usage of steelmaking slag in 2012 in Japan (Unit:  103 t) .  

(  2014  
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Fig. 2-1. Location of Fukuyama inner harbor  where sediments for the 
present experiments were collected.  
 
 
 
 
 
 
 
 
 
 
Fig. 2-2. Organically enriched sediments collected at Fukuyama inner 
harbor.  
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Table 2-1. Properties of organically enriched sediments at Fukuyama 
inner harbor.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 2-3. Appearance of steelmaking slag  sieved to 5–10 mm in diameter 
for use in the present experiments . 
 
 
Table 2-2. Chemical compositions of steelmaking slag  (mass %). 
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Fig.  2-4. Takehara Marine Science Station and the outside experimental 
facilities, Hiroshima University, Takehara, Hiroshima . 

 
 
 
 
 
 
 
 
 
 

 
Fig. 2-5. Experimental setting scheme.  “Slag Capping”: 3.0 L of slag is 
placed on top of 15 L of sediment, “Slag Mixing” :  3.0 L of slag is mixed 
with the 15 l  of  sediment, “Natural Stone Capping”: 3.0 L of natural 
stone is placed on top of 15 L of sediment, “Control” :  A treatment 
consisting of only 15.0 L of sediment. Seawater is introduced to all the 
containers at the same flow rate of 3.0 L/day. 
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Fig. 2-6. Sampling positions of water and gas.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-7. Temporal changes of temperature in (a) the overlying water and 
(b) the upper layer and (c)  the lower layer of the interstitial  water.  :  
Slag Capping, :  Slag Mixing,  :  Natural Stone Capping, : Control.  

Error bars denote standard error (n =3) .  
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Fig. 2-8. Temporal changes of pH in (a) the overlying water and (b) the 
upper layer and (c) the lower layer of the interstitial water. : Slag 
Capping, :  Slag Mixing, :  Natural Stone Capping, : Control.  
Error bars denote standard error (n =3) .  

6.0

7.0

8.0

9.0

10.0

0 50 100 150 200
day

pH
(a) Overlying seawater(a) Overlying seawater

6.0

7.0

8.0

9.0

10.0

0 50 100 150 200
day

pH

(b) Upper interstitial water(b) Upper interstitial water

6.0

7.0

8.0

9.0

10.0

0 50 100 150 200
Day

pH

(c) Lower interstitial water



  35 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-9. Temporal changes of dissolved sulfide in (a) the overlying water 
and (b) the upper layer and (c) the lower layer of the interstitial water. 

:  Slag Capping, :  Slag Mixing, :  Natural Stone Capping, : 
Control. Error bars denote standard error (n =3).  
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Fig. 2-10. Temporal changes of Eh in (a) the overlying water and (b) the 
upper layer and (c) the lower layer of the interstitial water. : Slag 
Capping, :  Slag Mixing, :  Natural Stone Capping, : Control.  

Error bars denote standard error (n =3).  
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Fig. 2-11. Temporal changes of hydrogen sulfide gas concentrations in (a) 
high (0-250 ppm) range and (b) low range (0 -12 ppm) above the seawater. 

:  Slag Capping, :  Slag Mixing, :  Natural Stone Capping, : 

Control.  Error bars denote standard error (n =3).  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-12. (a) SEM image and EPMA elemental maps ((b):  Fe, (c):  S, and 
(d):  Ca) of the slag particle immersed in silty sediment. The slag particle 
was placed on the sediments at Fukuyama inner harbor in August 2011, 
and collected after four months (December 2011).  
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Fig. 2-13. (a)SEM image and EPMA elemental maps  ((b):  Fe, (c) :  S, and 
(d):  Ca) of the silty sediment after the slag particles were immersed in it .  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-14. (a)SEM image and EPMA elemental maps  ((b):  Fe, (c) :  S, and 
(d):  Ca) of the slag particle.  
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Fig. 2-15. Relationship between S and Fe by surface line analysis of the 
slag immersed in silty sediment  (see the SEM image in Fig. 2 -12 
regarding LINE 1-3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-16. Eh-pH diagram of sulfur in artificial seawater (Hayashi et al. 
2014). The pH/Eh range of the upper interstitial waters  in Control 
treatment is  plotted on the diagram.  
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Fig. 2-17. Eh-pH diagram of sulfur with iron in seawater (Hayashi et al . 
2014). The pH/Eh range of the upper interstitial waters  in Slag Capping 
is plotted on the diagram.  
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Fig. 3-1. Experimental setting scheme.  Transparent acrylic  pipes with 
74 mm in diameter and 250 mm or 300 mm in length were used. Sediment 
collected from Fukuyama Inner Harbor was p ut on the bottom of  the pipe 
with 50 mm in the height, and add steelmaking slag or natural stones 
were placed on the sediments . Seawater was introduced to all  the pipes at 
flow rate of 430 ml/day using a peristaltic pump. Temperature was set at 
22 .  
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Fig. 3-2. Temporal changes of dissolved oxygen.  See Fig. 3-1 regarding the 
experimental settings.  Error bars denote standard error (n =3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-3. Temporal  changes of ORP.  See Fig. 3-1 regarding the 
experimental settings.  Error bars denote standard error (n =3).  
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Fig. 3-4. Temporal changes of dissolved sulfide.  See Fig. 3-1 regarding the 
experimental settings.  Error bars denote standard error (n =3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-5. Temporal changes of pH. See Fig. 3-1 regarding the experimental 
settings.  Error bars denote standard error (n =3).  
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Table 3-1. Characteristics  of the sediment used for the experiments . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-6. Supposed chemical reactions occur before and after an 
application of steelmaking slag  onto organically enriched sediments . 
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Fig. 3-7. Amount of dissolved oxygen consumption calculated with 
equation (3-8).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-8. Dissolved oxygen consumption rate calculated with equation 
(3-8).  
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Fig. 3-9. Estimated DO consumption rates caused by various processes, 

supposed under the experiment conditions carried out in the present 
study. DO consumption in Control  is  composed of the processes 1) and 2). 
For 5 cm capping and slag without sediment, the processes 1) and 3) and 
the process 3) are considered to occur.  See Fig, 3-6 for the processes 1) ,  
2),  and 3).  
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Table 3-2. Decomposition processes of organic matter.  
(Wijsman 2002,  1998).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Reaction
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Table 4-1. Chemical composition of steelmaking slags  used for the present 
experiments (mass %). 
 
 
 
 
 
 
 
Table 4-2. Grain sizes of the slags used for the field experiments. Slag 
laying was conducted in two layers in each construction.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-1. Location of the field test site and the enlarged map of slag 
construction area. 

T.Fe SiO2 CaO Al2O3 MnO MgO TiO2

Slag 1 17.5 29.3 33.0 6.0 8.7 4.9 1.2
Slag 2 20.7 12.7 42.2 3.1 2.7 6,2 0.5

T.Fe SiO2 CaO Al2O3 MnO MgO TiO2

Slag 1 17.5 29.3 33.0 6.0 8.7 4.9 1.2
Slag 2 20.7 12.7 42.2 3.1 2.7 6,2 0.5

Site
Slag Grain size Slag

Site A (August 2011) Slag 1 5-10 mm Slag 1 10-25 mm

Site B (July 2012) Slag 1 5-10 mm Slag 1 10-25 mm

Site C(July 2012) Slag 1 5-10 mm Slag 2 30-50 mm

Lower layer Upper layer

Grain size
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Fig. 4-2. pH monitoring sites during the construction.  No. 1: Outside near 
the curtain to protect dispersion of silt (silt protector) . No. 2: 20 m far  
from the curtain . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-3. Changes of pH in seawater at No, 1 and No. 2  (see Fig. 4-2 
regarding the monitoring sites ) during the construction in August 2011.  
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Fig. 4-4. Cross section diagrams of monitoring sites . (a) August to June 
2012, and (b) July 2012 onward. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-5. The sampling device to collect  gasses generated from the 
sediments. A plastic bag was set 50 cm above the bottom sediment in 
upside-down fixed with a frame pulling  upward with a float and 
downward with an anchor. 
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Fig. 4-6. The sampling device  to collect  gasses generated from the 
sediments. Sediments collected from the experimental sites by a diver 
were put into a 2 L air tight container with a plastic bag at the top of cap. 
The container was shaken for six hours  with a rotation speed of 200 rpm 
to collect gasses.  
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Fig. 4-7. Temporal  changes of (a) pH, (b) dissolved sulfide, (c) ORP and (d) 
DO in the interstitial water  in the slag construction area and the control  
plots. See Fig. 4-4 for the sites of measurements.  
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Fig. 4-8. Temporal  changes of (a) pH, (b) dissolved sulfide, (c) ORP and (d) 
DO in the overlying water in the slag construction area and the control 
plots. See Fig. 4-4 for the sites of measurements.  
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Fig. 4-9. Vertical profiles of water temperature, pH, Eh and DO in the 
slag construction area and the control  plots in August 2011. :  control  
(bay head, 100 m from A1), :  A1, : control (sea side 244 m from A1) in 

August 2011. See Fig. 4-4 for the sites of measurements.  
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Fig. 4-10. Vertical profiles of water temperature, pH, Eh and DO  in the 
slag construction area and the control  plots in December 2011. :  control   
(back of bay, 100 m from A1), :  A1, :  control  (sea side 244 m from A1) 
in February 2012. See Fig. 4-4 for the sites of measurements.  
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Fig. 4-11. Volume of gas generated from the bottom sediments  (see Fig.  
4-5 regarding the sampling device ).  :  control  (head of the harbor, 100m).  

: A1, : B, :  C, :  control (sea side 100 m from A1).  :  control  

(seaside, 244 m from A1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-12. Concentrations of hydrogen sulfide, methyl mercaptan and 
dimethyl disulfide gasses in the sediments of Fukuyama Inner harbor. 
Gasses were collected after shaking the sediments sampled at the slag 
construction area and the control  plots  on December 8, 2012 (see Fig.  4-6 
regarding the sampling device) .   
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Fig. 4-13. Species number, individual number and wet weight of macro 
benthos observed in and on the sediments. Samples were collected at the 
sites with (B-1, C-1) and without (B-2, B-3) fluidly sediments covered 
after construction. Sampling was carried out on February 9, 2013 for C -2 
and control  plot and on February 23, 2013 for the other plots .    
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Fig. 4-14. Macrobenthos observed at Plot C and at Control plot in 
February 2013.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-15. Macrobenthos attached to the slag  surface at plot C. 
 
 

Pseudopolydora paucibranchiata

Site C Conrol plot
(sea side, 244 m)

Ciona savignyi

Crab

Slag

Ciona savignyi Ciona savignyi



  78 

 
 
 
 
 
 
 
 
 
 
Fig. 4-16. Schematic illustration of the sampling chamber to collect 
overlying water of sediments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-17. Comparison of dissolved sulfide concentration in the overlying 
water collected with the device shown in Fig. 4 -16. December 2012 and 
February 2013.  
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Fig.  4-18. Sulfur cycles in and around the bottom sediments supposed 
before and after steelmaking slag application , (a) Without slag (lack of  
Fe),  (b) with slag,  
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