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Release of Phosphorus and Silicon from Steelmaking Slag and Their Effects on
Growth of Natural Phytoplankton Assemblages

Tamiji YAMAMOTO, Masami SUZUKI, Seok Jin OH and Osamu MATSUDA

Synopsis : Some coastal seas in post-industrialized countries are in the process of oligotrophication as a consequence of a rapid reduction in the load of

certain nutrients such as phosphorus. Much worse is that this can sometimes be accompanied by noxious phytoplankton blooms due to an im-
balance in the elemental ratio in seawater. Oligotrophication also leads to a reduced fishery production through a decrease in primary produc-
tion and a change in community structure of the ecosystem. Slag produced as a waste bi-product during steelmaking, contains significant
amounts of phosphorus and silicon. Both phosphorus and silicon form nutrient salts, phosphate and silicate, which enhance the growth of
marine phytoplankton. Experimental studies were carried out to measure both the release of phosphate and silicate from steelmaking slag,
and the increase of the growth rate of natural marine phytoplankton assemblages from this release. The appropriate concentration of slag ad-
dition for the growth of phytoplankton was considered to be around 100 mg /™' among the concentrations set in the present study, because
sufficient growth was not obtained with 50 mg /™', and sharp increase in pH with 500mg /™! addition inhibited the growth of phytoplankton.
Diatom was the taxonomic group dominated in cell numbers after the addition of the slag. Silicate released from the slag appeared to support
the growth of this group. In the group of diatoms, the growth response was different for individual species, suggesting that the species which
will appear as a result of slag addition could be controlled with the characteristic and amount of slag applied. Discussion is made on the im-

portance of controlling the coastal seas to conserve the precious coastal marine ecosystems as we have done so in rural areas of terrestrial

ecosystems where human and nature coexist.
Key words : phosphorus; phytoplankton; nutrient; silicon; slag.
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Table 1. %-composition of elements contained in the slag used in the present study. Test results for toxic substances are also
shown. ND: not detected (detection limits of each substance are shown in mg I™").

Substances %

Cao 41.47
Si0, 23.54
Total-Fe 15.06
MgO 6.20
MnO 3.74
P,0s 2.33
A1,0; 1.62
TiO, 1.04
Cr,0; 0.62
s 0.05

Substances

Cd and its compounds ND
(0.01)

Hg and its compounds ND
(0.0005)

Pb and its compounds ND
(0.01)

As and its compounds ND
(0.01)

Cr(IV) and its compounds ND
(0.05)
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2002%F1 A9 HIC, ABAXREEK (RiE) » 5 REkD
T TR AEREL - MEE L 72, Z OWAKIZK LT 172 medi-
umOE R CEEIC RS k5 Icgf@RsEEsmmL -,
7272L, B Si, Feld 2 7 72 o DEH Mk L THEML &
Motz, TOWKE2IZAT7 I AT4KIZ2ITOAR,
277 EFNEFNO, 50,100,500mg/" & B XS IZHEML
oo INH E 14°Cx1°CH K U5 A 200 pmol m™2 57!
(FARE R 120 : 12D) DR (BUREILEH, FLI-160)
Witk E (ZThth, JBRO 1A OFHAKE L FKE
B TR E ), EEHEE 200rpm (Y= FFEFE, MS500D)
THGERELLELRS (X727 23% RS, BAOEIE
+5r e REE) , 13 HREBSEEL 72,

2 7 ZEMET B & OB I 1 H s 2 12E 0 1185
100m/ DR KZFRHLL 72, pH (pH #* — % — , HORIBA,
F22) WIETR, Smi% W THOLEE (Turner Designs Fluo-
rometer, model 10) ZHIE T 5 & & 412 (FTXNTOWWT 5
VO N VIIRARPOBE I OO T 4Nk HL, ZhH
HTLHCHEMET B Z L&D NN 2D L
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Z Z T3 Dissolved Inorganic Nitrogen (DIN) & B4,

2.2 XSTH5DDIPH LU DS DFHER
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R AK (pH: 8.22, E4r: 340) #X—2 L L7
medium 2 U7z, RIfT-> 275 v 2 b v AREE
XT3 EBREEROB[EE LS KD, Si, P, FeldiRML
Birot, TZOWKEQEZMAT I AAIRIZI2ITOA
N, 2737 EFNZFHNS50,100,500mg/™" &% 5 &I IZHEM
L7z, ZThaERHBWNICEE L, 200CE1°C, X E 200
umol m~2s™! (FAREFREHI 12L:12D) & L, M3 200
rpm THEFHIBEL 72, FEBRIZ21 BT, EERBHMIE S &
U3HHLEIZ 1 BB &2, #O9E7 1R 150m/ 3D
K%&$RHLL , DIP, DSi, pH % &ij3k & [AkD 753 THIE L 72,
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Fig. 1. Exp-l. Variations in cell densities of phytoplankton
from a natural assemblage with addition of differ-
ent concentrations of a steelmaking slag. (a) 0, (b)
10, (c) 100 and (d) 1000 mg slag /™!, respectively.
The phytoplankton were grown at room tempera-
ture, in front of a south-facing window without
stirring. Sample seawater was taken from Kure
Port, Seto Inland Sea, Japan on July 11, 2000.

72, BERMX T L 202 LT, 1000mg/~' T
WAESMIEEA LR ONT, BRIL 2 T 5 OUEMAEY 7
Ty OEWAHETS I L ARE L, Expl THi
g K < BEWE U 727813 Chaetoceros sp. TH - 7=,

Exp-11 T & WA R T & - DI Exp-1 & AR IZHEED
ATHO, WWEBFEIIOOVTEE > 2 MR TE T,
MR DA — & — L HFE LR U TERATEZ SIEEKL -
7z (Fig. 2)o MR DL » - 7= HE LM 7B (FE) ZEIC
spp., Nitzschia spp.,
Melosira spp., Thalassiosira spp., Rhizosolenia sp., Eucampia
zodiacus TH Y, BFEE LU TIXS. costatum DI E L
M7z, 500mgl ' AMIX TIL, Day 1| LIRSS T & Mifle
BER LIS, X -fEm7 52 b ilEs LEE0idizs
A EFERTZE &2 5 72 (Fig. 2(d))s S. costatum O HIRIE D
Y — 213 0mg/ ' ARMIX T Day 9, 50% & U 100mg /' ¥R
KTiiDay 11 THYD, A5 7DHRMK WO — 2
PENTEHNZ, E zoodiacustd 0mg ' RMX TIZEM A
RENE» 5221822 b 6T, S costatum & FIRRIC
100 mg /" RINIX TEHE 2 23/ & I 7z (Fig. 2(c). HlfE
BOBMIHTLETXTOMMIZIH T 100mg /™" HRMIX

Skeletonema costatum, Chaetoceros
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Fig. 2. Exp-II. Variations in cell densities of phytoplank-
ton from a natural assemblage with the addition of
different concentrations of a steelmaking slag. (a)
0, (b) 50, (c) 100 and (d) 500 mg slag I" ', respec-
tively. Elements other than P, Si and Fe were added

at the same level as the f/2 medium'®. Tempera-
ture, 14=1°C; light intensity, 200 gmol m~2s™!

(12L: 12D cycle), 200 rpm stirring (allowed suffi-
cient agitation of the medium without resuspension
of slag grain). Sample seawater was taken from
Kure Port, Seto Inland Sea, Japan on January 9,
2002.

TRAELE->7bFTE& <, Chaetoceros spp.id Omgi™!
WX T (Fig. 2(a)), Melosira spp. T3 50mg /™' IRMX T%
» a7 (Fig. 2(b)). ERMEX (2 bu—N) TOS. costa-
tum R Chaetoceros spp.D i = MBI E 2389 4X10% cells m/™!
BETH >0t LT, 100mg! "HMX TDS. costa-
tum D F AUIR 12X 10% cells mi~' T, 3FERRE A X ot
WRBEILZ 5 7 OFRMBORME & 2B AD, 0
mg IT'RMX CORBEH20TH > 72DIZH LT, S0mg
YR MX T 22, 100mgl ' WMX T2 3.6TH - 7 (Fig.
3@), INEDER»S, 100mg/ ' T2 T VHRME
Ly, WSy r yOMRERZEGTEL, N4 F
TALELTONEREL BB I LMWRENTZ, —F, 500
mg /'R MX Tld Day 1 DI, BOEEIR ¥ T, Mia¥ko
HECEREFAR, M7 by ORENHEI NS Z
LR TH -7, 2L, BREIEICET SDICHE
L7=H¥uZ, 0,50, 100mg I ' HMX TR ZNENS, 7,9H
THy, W™HEOEME &L ICR B3HEABED LN,
S. costatum DHIBZET SR L HPIOBREG 7=,
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Fig. 3. Exp-Il. Variations of (a) fluorescence, (b) DIP, (c)
DSi, and (d) pH after the addition of a slag to the
natural seawater containing a phytoplankton as-
semblage. Numbers in the upper legends denote the
concentrations of slag added; 0, 50, 100 and 500
mg slag I”!, respectively. See the description in
Fig. 2 for the experimental conditions.

DIP B KU DSiDRE L & & 12500mg I RMEX T3k
BRHARE A IIZIE— ARSI L 20lc LT, BEMX T
BENZFNIADBEWZSHT, 5o0mg M RIMETé 2 h
FNTHB 50311 BEE THIE L 72 (Fig. 3(b), (¢))e ZH
5% LT, 100mg! "W MK Ti3 DI, DSi & & — iy IC
B U, DIPidDay 512 1.03 uM, DSiid Day 712 115uM D
Y—2%mLk%k, BAHLE, 2720, EBRETRDay
15) IZDIP20.03 uM £ TIK T L 7=DIcxd LT, DSild81.1
EMIZEE 5%, BAKID, 257 RMAOKER (R
#K) O DIP ¥ L U DSIEEE IR 7T h Zh0.62 & 19.8 uM
Th-H7z,

KEXFHRAIFO DINIRE (BRMWGAKHUIHFIEL - DINRE
+7RM L 7 DINIREE) 13940uM TH 1), FEERHA T B (Day
15) iZid, 0, 50, 100, 500mg /' IHwMX TZHhFh 739, 718,
687, 761 uM T H D , NH WM T 7 v o + v OIEHED iR
HREES>TWEWILEBHLNTH - 7=,

pHIZ X 5 ZFIMIENZIE8.11TH » 7248, 500mg /RN
XT3 2o 7 RMERICEEC LR L, Day 1 DB&IZH9.3
THRE L 72 (Fig. 3(d))e —F, 506 KU 100mg /' FHMX
TIZEEBRYIHO pH _EF13 500 mg I HRINXIE E 2Tk &
oz, ThoDERXTEERBBZEIZATH
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Fig. 4. Variations of (a) DIP, (b) DSi, and (c) pH in the
Kuroshio seawater-based f/2 medium without phy-
toplankton after the addition of a slag. Numbers in
the upper legends denote the concentrations of slag
added; 50, 100 and 500 mg slag /™', respectively.
Elements other than P, Si and Fe were added in the
same level as f2 medium'®. Temperature, 20=
1°C; light intensity, 200 umol m~2 s~! (12L: 12D
cycle), 200rpm stirring (allowed sufficient agita-
tion of the medium without resuspension of slag
grains).

9.21 (Day 9), 9.30 (Day 11) L WS BREEER L7z, 77,
BN T, pHIZFEERBNE? S5 Day 3 TIEE A EEAL
ENE Lo 72h, Days 3~5OBIZAERL, 5068 &V
100 mg /"' ZRMNX & [El4k, Day 11 TREME9.06 £ %1, Day
131213 8.75 12K T L 7= (Fig. 3(d))o
3.2 BHER

DSiIZ K & & & 12 HERAYERR A IZ I M 3 B Em A3 e A
7=DIZxf LT, DIPDEHILEFERITd - 72 (Fig. 4(a), (b))e
D% D, DIP TIZERMKEIH  TIXEBRNBHEEDO A
BRREDNS72DIZH LT, &<I250mg/ ' H LT 100mg
F'EAMXTO3~11 HORBTHEHERE XK T L2,
QIHBOERIZE W TH LN -RREBEE L, 50mg ™!
& 100mg [MTHRMIX O DIPIZ B W CTIRMEICHBIL 72892
FEOBBEAB/ SN, ZThESHIDS & &0 THRMEI
HHIL 7RG E S 5072, HlZIE, DIPOBRIKIES
350mg NRMX T3.6uMTH > 72DIZH LT, 10458
ML 72 500mg IMHRMIX T 335D 120uMTH - 7=,
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27 7 ORMRISHEEENAFIL v oS EmRIZDSi ¢
13X HICEEE T, FERRMAHOWREIL50, 100, 500 mg /'
METZhZFNn313, 411, 512uM & H E K E REWNT X
ol

pHIZZ 7 V' IRMBEHIZ ER T3 Z L2 HE2T, &
WMED % % 5 72 500mg I ARMX Tk bH 5 105351247
BB 8225 5 8.57 F T_LES L 7z (Fig. 4(c)). 5l Z#% < HlE
25, pHO LHRIEZWTHhORMXTY 2 7 7Rk 1 H
PAIZET L, ZRENH8S (50mg MHRMX), 8.8
(100mg I7"RMMIX) , 9.3 (500mg 7' ¥RMIX) 12FL, Z
NoDERR2EB#RE SR, ZoBVThEbT2ICE
T (H{g) ¥ 2MEmAR S nz,

4, BE

pHIX 2 7 ZIRMIZRFERRM (1 HEA) TER L, 2:8H

IEETHME T L7 (Fig. 4(c))o & <12500mg [ IRMX T
IBHEOWARKDpHE2FEE A 5893 T LHL 72, WK
IZIZe &b LERIEAMRD &3 2 REBIESETAATY
3728, ROAXTRENS, WhOb [RETEHE] L
NEEVEEEHEG T 52,

C0,+H,0-H,CO,&HY +HCO, «<2H" +C0,2~

WNBE#%DOpHO @A LRI, 27 7hicEEh s
ANY T L (CaO) DBERIZL>T, UTORIBHRZ 52
LILkB8DTHBHLEELEND, Ca(OH), IZARETH
20T, KM TAR,IZHIZEA, pHIZREIZ LA T
%,

Ca0+H,0-Ca(OH),—>Ca?" +20H " -+wvrvvvmeemmvemieinines (2)

pHA LR $ AL ALz Cca? Rz g & & &8I
RETHET BRI L4F Y M) BREEIE
(CaMg(CO,),, MgCO,) & L THH T 5728, pHDO LHIX
B TEIILUTICHE I 6N 2P, ZThbDKREIEDH
HUZ CO 2THET 5720, R(1)DREFEELENED,
H A A &#8M&EEs, Ln->T, LR UZpHIZRE
I EDEIChiET A ELOND, TN 2EBMEET
pHABGK F L BB Ebh 3,

WAROpH M 93MEIC LA T2 I L IZEARETE LT
LidBiRahs, BRWBKI CpHEELE I RELE
K3 EMIC & 5EA—HARETFR (b5 W3 ERY Y
B) —Thd, aEELE, ZThoD T o 2ER (1)
NS NIRRT EE 5 X 5K 2 DHEBE &R
EEEIEINPLTHD, FIZIE, EATT o bR
WU L GRETRBEIC R B L, pHAOSTEEIZE S Z &
thb, WREKABRIZK > THEABOS TR _BILRE
EHETSE, R(DORIBREL? B ENETT 276 T
Hb, Lieh->7T, SHOBEHERTESN/-pHIIEE
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DIEZ DG DRIAEMOERBREEE L TIIRZ LHETI S

<, EHRTOREEpHD LAMNEETH 5. pHIZKIE,
By LW, AMOERICEKR A EE RISTERTHD,

500mg [ RIMX TR T 5 v 2 + v ORESHE S h7-
BRADFERZZIDOK S 5R¥EpH LRHIZH -7 EXLD
hs,

DSi DA A HEKEARN Th - =D LT, DIPD
B HIZBRERI T ® - 72 (Fig. 4(a), (b)), #EAKH T SiidHE
BT vORBEDEGE (5503 H T RHE
vitreous) O Si0, & F-# L T3 ¥, Si0, 3L L TA
HE & pHIEIR THH T 57292, X7 7 HRMICK % pHD
ZICIFE ST, BUAERNTH-EDEERD
N5, —F, POBREIpHOEEL 2T, pHAMEWIZ
ERELEBD, Lzh-T, BMEBYIFICIZBHL LA
LM, pHO LHIC K » THHBHHI X, HUpH MK
TLED T oEtAEEI WL BREhD, £/, Si
LPEATVHOGHEIZL > TEHOHFIRE S,
A7 7RO SINEFOWARPOSi &0 & AMBARENT
1B B ¥ 5 3Ca0-28i0,, CaO-Si0, % & (XA H I 1A
L&A, 3Ca0-Si02, 2Ca0-Si0, DHAIZIE SIIZEH I
WARPISENT 5, 72, DABRIIEREDOUEAKD pHEE
B (8~978/) TiL3Ca0-P,0,d % 112i%4Ca0-P,0, & 1072
UMTEE CEE T 5 Z L BHERER» bEiA LN E B,
S [a D SEBR TIZFERRIZ 10°~10' uM L XL DR H 35
bz Z &R (Fig 4(a)), WEER TS ZBBAKD D AR
IERERE 2 0.62uM Th - 7212 & b 6 T AR
ENEZENE, AN/ 7B LR TWEE,
% 132Ca0-Si0, 12 3Ca0 - PO, M[EVE L 72458 T A »7E
FELTW3DLEBEEIh B,

SRIDOBEHEERIZB T A S 7 H» 5N L 7=DSi: DIPD
B (EBRREH) 2&5&, 50,100, 500mg I ARTX

TEZTNEFNGT:1,53:1,43: 1 LEHEXIN, ZNFThOBER

BhrosTPRENBLSIC, POBHESHEMEICD L0,
W7o v o b itk BSi:PRIFIZE L Z15:1TH B
DT ZHIZHNRTR T 755 0OBEBIEBHEEEIZP D
BLSIANBV, L2LENS, 15:1 &0 idiEEMEY
T b VERBEOTEHETH Y, ZZ2ICETRTO
SRS EEN TS, BEIEIIHEE (55030
HHEE) OAPRRICERTIRBIETHH50T, HE
AR HNTH NS 1 &DEL TEnL, Hfg
EAEKPIRARICHEEL TN T 2 BRE L v
RV, Lo T, SO0 LS ICPRSIDFEH %
HEET3BAI0E, ZhoBHLR TV TEENT
WBZEMNEETHD, L ITPREDBRIZHT 3 IEK
fLEFRIT 12, R 774 ARR TS50,
PEBH LR L TBMASADIRA/BENE LAEL,
100mg! "D A 7 ZFIRMTHNLpHD 2 LHITEZ
ShEVELDY, KBTIy by, & ICHEROME
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BRELBEE N, THIZBEHEROBER» S WL 2
kI, BYTOABIBLHEBRIENZ T 720 BIH L,
IhoPEZEHOERIFELNZ2STH S, ExplID
100mg ! ' RINX TH 5 iz S costatum D AR E BT
12X10%cells m/~' T, 27 ZDHFEMZ& D, D 3RBEE
DEMAEH BT SHREIREI X CHEHEA B E5Z L
NHRETH 5 Z L AR &Rz (Fig. 2(c))s ZHISKL T,
50 mg [T RIIX TODIPiZDay 7 CHiB L, HEBHE B
H LU 72 DSi T & Day 11 THiVE L 7= (Fig. 3(b), (c))o ZF 7z,
500mg M ARMEX TREZERZ D TIXTOWEMT 7 ¥
I b VOMEPHEIN:Z, ThEDZ ERG, SEEER
Eo-RERETIE, BEEA 7 IIHEI 57200
WMREE LT, 50mgl ' TR A+4, 500mgl™! TIEAE
YTk, 100mgl 'fiIchBLELLNSE, 2L,
SHEE L - RINRE R a5 72728, 5%E6
IZRE A RET 2 T 5,
BRBT-RAEEORNEBRICH LT 7 75 mMIC &
5 NBEREILERASHE, EEEASET - 7-PAH
ERREAZ BLINEZERTILENH 5, BLIREE
DEEKRELRFHMT, BRORBLRHEZLTHS, £E
AN > THRIBS IS pHORE A ERIE, ik
N7k 9z, ca?* Mg BRBBIE AR L T L, pH
EIOIEEIZLEYBTHAS L, BARERHIZLIFRR
2 7 7R EEOFEIL, BRI Z NS ORFEERIC
MA, pHOBLAA#KBIZHEZ5THAH, ULEnZ

o, BEHEOEENOR L BE LT, ERICEEE

BISH LTI 7OBRMET -7z LT, EMOERIC
HNTHBEHBLIELAEELI ALY, ZRIEH0 A, Si
PHoERNE e 25 570MWEIL, ARKEEMEET
5 T EEHEEOMIEISEL TV 5,
HEHEOBIEISEL =X 7 ZOHRML L3RIt k- T
Hu3 L3 5MOOERTRE I N (Fig 2). LA
FTIE, [Bil] O3 I ABHBEHICL > THEERRE
ElROTVIHIEA 5 5, BHFERRIIHL, BANED
KIBAZVATLEDPE NS Z Eid, IR A 2T
CHRRAEDELTAILTH DA, HIZ SR EEERER
# [HIL] Lk, RAOEHETICEWLXEHARED
TR BOHEIL?) L350 THHE, Enk> %k [
Wl KA 2222 5RELEVD, 2nHT—0
IZEHhDIE->TEADIDBEND S, HAE, HFOEHE
LTEBEEZITHIDOTHNE, HF21AHE L TREBIKE
THEWEMT T b UFESEEE B KD AR A RS BE
bb, SHOWMEDHEEIZKY, HLAT 2O+ (TE
TH5ILBTES L LAY, SEDOEBRGERITIFFEE
HRERDO ANBHRIEOMREMEICARE BB EHWAZEE L
%, BAEEAEHBREMELS, BEWIIE > TIE50%
DLEZEAICH>TW3, LA-T, Bl B9REE
BEBFERRICEAT A Z RIS Tamphlss
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EOBEFRREOEELFETH S L FRLZ, X520
AL, RS EBEMEM T o P OB LTHWS
Zkid, AEMEOMBROALELY, BE (252) DY
YA LTEH D, WERRRILOITTXITH 5 KK+ ZE1L
REOEIZ O EBEDTH S, ‘
KN EFLHBIIHD, BEELABEL TRV,
HF &, FINING D — KEBEFEO Yannick Huot K12
#HLUET, &b, ZOMRIHERSEHBZHET 0D 2
b [MEEEEE AR L 72 co, BRI B & H KUY
BRI FEENNEEBHEREI L > TEINZEDTH
5,
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