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Precipitative removal of free hydrogen sulfides
from estuarine muddy sediment by iron addition
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Abstract

We experimentally tested a method that controls sediment H2S content by forming
insoluble FeS after addition of pure iron powder. For laboratory incubations, muddy sediment
was collected from Gamo lagoon (Sendai, Japan) in summer 1998. Sediment was subjected
to four treatments (control, +1g L' iron, +10g L ! iron, and +20g L ! iron) and incubated
for 20 days at 23°C and 33°C. Control and +1g L' iron treatments (after 20 days) contained
high levels of HsS (2.6 to 3.6 umol g~! dw) and lost the sulfide-reactive Fe?" pool. In contrast,
HsS was barely detectable in the +10g L' iron (23°C) and +20g L iron (33°C) treatments
throughout the incubation period. Iron addition significantly increased Fe?* content (including
FeS) and recovered the sulfide-reactive Fe?" pool in the sediment. Iron addition also
increased sediment pH, suggesting release of OH during ionization of metallic iron. Field
experiments demonstrated that addition of +10g L' iron powder did not significantly affect
the density of macrozoobenthos recruiting to the sediment. Hence, iron addition (+10 to 20
g L) successfully removes toxic free HyS from the sediment without any negative effects on

macrozoobenthos.
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H. diadroma) <23 = — K& U K Pseudopolydora €xperiments, muddy sediment containing H,S was
collected from a subtidal mudflat (St. M). Sand

for the field experiment was collected at St. S
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cm) @ pH ZWE L7, FREZ, 27 (¢ 15mm) ZAWTEADE L (S0 —1cm) %2
HeL., J&ME Ak (Fe?) . W#MERTILKE (HoS) 6 K OMEHERMm LY (bound S) & EAWIE L
7= (IHHEOFEME Kanaya & Kikuchi [2004] %2 8), JEIEORFE - A ., JE IR
TH#ESHTZY O Fe 721X S OME R (umol gtdw) (IR L7-,

TEPE A $k T Kumada & Asami [1958] 127> CTiEfk L7-, 1M CHsCOONa — HCI #E7E1iK (pH 2.8)
R E L, 02 % 0- 7 =F > ha U UIRIECRAEL, oXeER (B ; MODEL 101) (2 &
DR 510 nm T ER Lz, ATETHI L2, S0 T4~ (FeSp) Z&HE T, HS &K
JisAlfEZ2 8k (unbound Fe?*) L Afifbk (FeS) Oy % &ie,

W HoS & BRERMER L O HTIE, K & 58 [1953a] 126t~ 7-, M Lo iHEE@EN T,
HoS 2 Np A K W il U, 25%EEREHidn & BOS S Wi b dfisnibik & Lz, H.S offiiite, 42
ENIZ 0.5M HpSOs % 10 mL i F L, bound S % H,S & LCHutH L7z, TEBEIZ 0.1M I-KI ¥&TE % 0
27206, 0.06M FAREET MU U AEKICE D HHEE L, ST 2 E®E Lz, —IC, HEOK L
[ZHE L RE D EEWER 2 N 2 Torfif - i S D BAEITZEDIZE A EDR FeS TH D & EfL, A T
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Fe*) O &EEs kAL VHEE LT,

[unbound Fe?*] = [Fe**] — [bound S]
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S 15em) [ZEED T, SEOR Y MIRAE (WA ; Sand) & L. 5EOR v MM
Z10g Lt L7225 X9 L7Z (JLPE44 ; Sand +10g Fe), ¥iNL7-8k& 1%, HHEEEHZV 0
BEHRE T 128 umol gt dw Th 5, EBR=ETOPiHER T, WHIELO Fe? GEIZFMFTO 14
umol gt dw 7>% 62 pmol g dw {2, bound S & %1% 0.4 pmol gt 735 2.9 pmol gL (2, pH 1L 7.8 H»
5 84T, TNENELS 2D LRI (33C, 20 HHOA »F aX— g VHIM OV
. n=12), &> MIFEBRELO St E 2, B DA E TN E 725 X 21K Hz AWCEE L.
1998 429 H 10 H~ 10 H 15 H £ Tk @& L7z, BRI 1% Imm EDQ S5 W EEL, 550
L& -T2 b D% 5% RN~ U U TRHEE LTz, EREICE B Y KEUEAEIY 2 [FE L LT,

HE B 23°C T - ENEBROT — & &, EBRLE BRI LA Fa—T s
YH# (1, 5, 10, 20 H) ZFERXE L, HIE LI REREER 7 OZ U200 ookl B
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M7 (2-factor factorial ANOVA) 35 KX OVZ EELL#S: (Tukey-Kramer test) 217~ 72, fRHTIZEN D, 7 —
Z DSy % Bartlett test THUE L7, 7 — & O3 bERm B+ 2854121, EHRERE -
e B L, BRER220 BEOT—Z AV, oORESRIINCE T D EEBRERN T 0 Y
% Mann-Whitney ¢ U-test Tb#g L7z, BFAASEBRICR W T, 2 FIEO K L~MA L T & 72 KK
LB RE O YR A% A Mann-Whitney ¢ U-test CTHug L7z,

B

AN P (K DRTAT— 23°CICH 55 BR— : EBRBILARS (initial) (BT, JEJRD
feftiZcdENL (ORP) 1I—195mV Th Y, H.S Himid 3.5 umol g dw Toh o7z (Table 1), 23°C
TOA U F 2= a2 0BT, JIESNEZE COREREN ISR v AR L
7= (Table 2), FEBRPMARTRS L V2> F o —L Tk, K10 HpS & #1358 3.5 umol gt dw TH -
72A, +1g LT OSSN X » CTFEHT 10 pmol gt dw T EIE T L7z, S HICHNES +10g LT B
KO +20g Lt &35 L, EOEEITHREERAHT (0.2umol gtdw) £ THTF L7z, +1gL?, +10g
Lt 36 XUV +20g LT OSIMAAERIZ L oG Mgk & Eixeh =y hr—1o 1.3, 2.9
BLOA8fE L /o7, +10g L3 LN +20g LY OSSN L 0 | BREERIER LD & Y A RIS
INU 7z V&M TAGEEE OB LY | K EOIFEEEE MEGRED 2 ba—/1o 42 ~ 107 fF
FTHM LT, —J7, 2y ha—L b +1g L ORFINTIE, IH%EAMEEOIRFE 2 THFIY %2 T
BRLTHRY, AR ATERIIRE LT\ e, SRR, pH b2 b —L LR LT 0.1
~07 EH L7,

Table 1. Chemical parameters of mud incubated at 23°C. Values are means (= SD, n = 12) for each

treatment during the incubation period.

Parameters Initial Treatment
(n=3) Control +1g Fe +10g Fe +20g Fe
Sil t-clay (%) 92 (n=1)
ORP (mV) -195 + 6
Fe and S pools (mmol g* dw)
Free H2S 3507 364t 1.1 268 +1.0 0.2¢ £ 0.1 0.2¢ + 0.0
Fe? 36 = 0.6 35A = 3.8 468 + 3.6 101¢ £ 15 169° + 38
bound S (FeS) 51+ 04 477 + 8.6 49°A + 7.4 598 + 9.7 628 + 85
unbound Fe?** 0.0 1.0A + 3.6 200+ 43 428 + 19 107¢ + 37
pH 7.6 =0.1 7.6~ +0.2 778 £0.2 8.2¢ £ 0.2 8.3° + 0.2

Treatments; Control, 1g Fe L™ addition (+1g Fe), +10g Fe L™ addition (+10g Fe), and +20g Fe L™ addition
(+20g Fe). Different letters indicate significant differences among the treatments [post-hoc Tukey-Kramer
test (p < 0.05) after 2-way ANOVA] (Table 2). *; [Fe?*] minus [bound S]. This fraction is reactive towards
free H,S.
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Table 2. Two-way ANOVA for effects of iron addition and time on chemical parameters of incubated mud (df
=3,3,9).

Parameters Days Iron addition

F p F p
Free HyS 10.9 < 0.0001 273 <0.0001
Fe2* 1.27 n.s. 289 < 0.0001
bound S (FeS) 1.52 n.s. 9.64 0.0001
unbound Fe?** 1.38 n.s. 190 < 0.0001
pH 168 < 0.0001 495 <0.0001

Results of post-hoc Tukey-Kramer test are given in Table 1 and Fig. 2. *; [Fe?*] minus [bound S]. This
fraction is reactive towards free H.S.

FE DR a1 1" — 23°CICHIF B Y BR— IR D HS & i & pH 134 ISR 25k L 7= (Table 2)
— 5 IEPEAmER FAE R YER b F K OGRS RE MBS B I A B AR A LA R S o7 (p
>0.05), T» ha—/LZBWTIE, 5 HBICHS GRIIRmRE S 20, ZO®RIKT L (Fig 2),
+1g L OSERINTIE, EBRBAAE N D Z OE BITECIE T LZ2%, 20 H HIZBWTH 1.4umol
gldw ® HS 28 &z, +10g L1 38 L8 +20g LT O#FSINTlE, HoS G &EITERNIM 28 U C
W BRAATIT (0.2 pmol gt dw) T -7, JE LD pH L. WIHIMED 7.6 26 FEZERIAR 238 U CThE
M EH U7z @ik 20 H B, +20g LT O8RINEAFHICRIT 5 86), = hr—/L & +1gL?
OERTEINTIE, FEBR 1 A HIC pH 28335 (01~03) EFL7,
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Fig. 2. Temporal changes in the sediment parameters during the laboratory experiment conducted at 23°C
for 20 days. Contents of free H,S, Fe?*, bound S (mostly FeS), unbound Fe?* and pH are presented by
level of iron addition (control, +1g L, +10g L, and +20g L). Means == SD (n = 3). Different letters
indicate significant differences among the days [post-hoc Tukey-Kramer test (p < 0.05) after 2-way
ANOVA (Table 2)].



RALT T HIGE 5513 5

8 200
* 2+
Free H2S Fe _
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i ’ 0O ;Low (23°C)
B High (33°C)
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44 = 100 * p < 0.05 (U-test)
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Fig. 3. Effects of incubation temperature (23°C ; white column, 33°C ; black column) on chemical
parameters in the mud by level of iron addition (control, +1g L, +10g L, and +20g L) after 20 days
incubation. Means = SD (n = 3). Asterisks indicate significant differences between the temperatures
(Mann-Whitney U-test, p < 0.05).

A FaR—2aVREDETLCPETIE : SNER20 HEOT— 2 20, RER T
BRFEZRR L E ZA (Fig. 3), IEME iSRG RAREAEESMRL sz (p<0.05),
+10g L1 35 LU +20g LY OFRASINTIZ, HoS 23 HERSTT (0.2 umol gt dw) AR EEICHERF S
NTHY, BEMIAEEIALNRN-TZ, 3 ha—/ L +1g L OFIN T, 33CTE
DEBRNARBICEL ItoTe, —JF, BEEMEMIEYE EIZEIE 33C) THE< e, +10g LT
HFECIE 12 pmol g1, +20g L™ ALFRCIE 30 umol gt dw, TR ENHEICE N> T2, WTHOERET
by bu—Lds L +1g L ALBE TIEEIR O HoS IR ERE (=FERSAHE MEk) 1Tk LT,
23°CCl, +10 ~ 420 g Lt OFIRINC L 0 JRIED HoS BrEREANEIME L7223, 33CTlEZEpliEIc
+20g Lt O#k& B L1z, 33°CITHIT 5 +20g LT OFLRMALEL T, 23°COHA Ll L CIEREA
RE A& BN A BEICRD 272, L0 pHIZ HIRER CEWVRA S, +10g L 36 L O +20g L
JLEE-CE 33°CC 0.15 ~ 0.23 I o 72,

WEA (D_"j“" BRI DI 2 ICT’(ﬂf‘ﬁ'iﬂE‘—?’?”’* S BR— : JAIBEES (St E) (235 AR
A LAy PN EICE, G138 O RBUKABY AL (ZEH 5/, aaxbH;2
., B 3H ; 2 oofth ; 3FE) . FOEMREII T T 2604 EIK m2IZE L, ZEEONT AN
4 Hediste spp. (B A¥~ B U AHA H. atoka &Y~ NIV I A H. diadroma % Eie) & a—
K& U K Z Pseudopolydora kempi japonica 7% 3L ¥4 H BLIE K EL D 62% & 14% % o, I =
TEHEO= v Ry Ru Y ax v Grandidierella japonica (9%) 0% FH DY~ b A © 4 Prionospio

Japonica (T%) MEIITHEV T, KERA B O % 2 JLBRRT C el U 72/ % Fig. 4 12R L
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Tmo BRIRILERIX. £ FEFH D Hediste spp.. P kempi japonica 35 & (NP, japonica, = == EHED G.
Japonica & v =/ Kwva 7 % I Corophium uenoi, % =¥ Oligochaeta spp. 1 & OV KB K A B )
(Total) o> HBMEFEICH BB E MITS2h -7 (p>0.05),

Density (ind. m2)
0 1000 2000 3000 4000

Hediste spp. | n.s.
Pseudopolydora i_— | ns
kempl japonica e

Prionospio ns
japonica -3

gg Corop J’éﬁ’g i: | n.s. Treatments
|E ) [J; Sand
Grandidierella i: B ; Sand +10g Fe
Jjaponica | n.s. n.s.. p>0.05
I (U-test, n = 5)

Oligochaeta spp. ; |n.s_

Tot "

Fig. 4. Effects of iron addition on recruitment processes of estuarine macrozoobenthos in Gamo lagoon (St.

E). Treatments were: (1) Sand (white column) and (2) sand with 10g Fe L addition (black column).
Means = SD (n =5).
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FENERTHOWZIERIE, METCRETHRED HS #Z ATz (Table 1), LA L., JEJE
1L 72V 10g (23°C) ~20g (33°C) DOEEMIT LV, 20 HREIZHTZ Y HoS & & & f H R AT <
FTERFESELZ LR (Fig. 2), EET OIS ATRESRIL, MEAETIC KV AEKT 5 HS &
HLeMITHES L, kg (FeS) & LTk % [Giordani et al. 1996; Heijs et al. 1999; Kanaya &
Kikuchi 2004], ARIFERCTH . SRR L > THAFEFIER LY (bound S) F&EAM L2, =
FUIZAERR U7 HoS 238k & OGS L Thiifb#k (FeS) & L TIREEL72Z LA /R L TV 5 [Heijs et al.
1999], KB 1L 7= 10g (23°C) ~20g (33°C) O L V| K EHICIThifbekz Bk L
TR W Afigk GEEGRIMED N HAEFEET DL kol T, EKIED HoS PRERE
ELSICHETHZEERLTWAD, BLEDREENS IR 1L H7- 0 10 220 L 20g DERERINIC L 0 |
HoS OFfEZ V72 < &b 20 HIFIZ D72 0 Il T& 5 2 & B S v,

TN I HE OUSINENL, BLEELH- ) OWERICHER T2 240 (+1gLh),
400 (+10g L1) 3218800 (+20g L) pmol gtdw TH D, FUSIALELZIST 5 iEME —fhigkoHn
B (FUFICBAEGRE—ay he— LB AEE) TR 11, 66 35 LU 134umol g dw
THDHZ DD BINERINEL (%) 1IZThEn 2817 BL O 1T% EHHEND, 2O Z &,
WL 78k D% < PEBIZITIEE Mk L 2o T 63, e LThHERIZHFEELTNDZ &
R LTWD, £, SO DIRH LA A2 o0 T, ZTO—IITEIET T HS ° S0 &
RIS LA F 4~ (FeSy) & LT LT\ D AR @y [Heijs et al. 1999], /34 7 4 NIl
{LRED MENAELRIN Tl S pn o BRI S 731 T4 MEBOEIZOW TS %
BN ETH A9, £z, ORI FV A &2/ T2 LIV A F b a2 {EtET 5
ZENTE, SRIRNEZ I BICEO L ENHRD EFRINDN, 2O RIZONTHEFN
VETH D,

TRERE TTIIMAEM IS TH D | IREN LA 2 ZHICE OIEMHEIL B U, BifbkFEOARED
H4 2 % [Thamdrup et al. 1994; Giordani et al. 1996], FEBEIZ, ARHFFLOENERIZE N TH, HiR
T (33C) IZBWT HS EBRIFERMERALY OF &IT 23 C L i L THEIZH S 2o 72 (Fig.
3, BWIROEMET T, HSARENE L, L0 EL OIFFBEE gk FeS & LTk 5,
ZTDTD, JEIED HS BREREIX, 23 COYLAE LY b/ ooz, RIFFERERNS, 33CTEJR
D HoS BRERBZMEFF T 272 012iE, D72 EBIRIEIL 720 20g OEIINE 95 Z & AR
SNz, L, 33CEWVOIRET, B OW ik « {5 FERIEOHE & LTI &y, 4l
ZIEVEREZBEI L7 St M IZB W T, EIRFmOHIRIZER (8 H) IZ2BWTH 2TCLLTFTHD
G (5 om LA OHRIFZERT & iR L TE IR LS D OFHMNIZLE Th o1z [88 KRREET —
21, U EOFERNS ERAEREICHZ Y 30CLLEDOEIR & 725 £ 9 7Rk 726 2 FRIT I,
JEVE 1L 72V 10g OFEAR OB LV +5372 HS BREREDHB N DL D EZ X b,

FIgRm OUIN (10g ~ 20g Fe L) 12XV | HeS IREEAIZIE 0 127z D & 3T TGP A=
FAERPE b O G BITHIN L, pHIZ LA Lic, 2R B DRE /T A =% —0Zkid, giRnc
PEo TEJEP TR Z D564 Db RIG &, TOBBTOTa b (HY) LKEbA 4> (OH)
DEZPEELTWD EHEEEN D, —ARIC, BERECIXMBEAKP O H Z21H2 L, £ OHEITIC
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PEVWBRERIZ T VA U M & 72D [Howarth & Stewart 19921, F£7-, BHZLZ S AKYM TH L 2 3
JERT XV BBNRIEEICEIC K A NMREZ T A L, SREHNE LTT =T (NHy) 4T
% [Jergensen 1983 O i A —EBek 28],

(CH20)106(NH3)1(HsPOy) + 535042 + 53H*—106CO, + 16NH; + 53HS™ + HsPO, + 106H,0

TrERESTIKICET D E H ZIVIAALTT Y E=U AL A (NHS) L7572, EKRO
pHIZ EH T 5, FEBRTHWZIEKIED ORP A (=195 mV) %, JEJEH CHESE LA B L T D
Z Lz L THE Y [Capone & Kiene 19881, ZEBRHAMI Hf OfRIFIY 72 pH 513, BREA A Y 7>
FEEFRICEE D HY OBV AERTH 5 L HERI S5,

B> T, JELEO pHIZ EF Lz, ZOZIciE, 814 4 ORHICHE S B LE T
FOSMMBE LT D A[EEMER E, SRIT HY X0 A4 A A2 : <, KPFCTET e LT
ok (1) A A L7e% [Shriver & Atkins 1999, —J5, KIFM SN7=EF e 25 T Mo TKHE
H; & OH- & 725 [Shriver & Atkins 1999],

Fe > Fe’*+2e 000 2H,0 + 2¢- — Hy + 20H-

FRERE TIE N D OBLETSIEN T » 7 ) 7 LTHEIT L, 8 (1) A 42 DI,
JEVERIBR A O pH b EATHEEXOND,

AL ISR Ko THe b SAURRIE A A L BNAERRT 5 & BOehUG & T HY Ak S %
[Howarth & Stewart 1992], Z OIS HETT 5 &, EIED pHITIKR T 5, RFEICIH VT,
ay b= & +1g LTERRINOIETE T, E8R 1 B BIC pH 23D F IR T L7 (Fig. 2), &
7R EIR IS, <K BB EBRE 0 FIROEEFIZIFEIE L2 [Jergensen 1983], LrL. EBr O
AEIZAT S o RIS L 0 RIBHP ~BREN/ME S Wiz 2 L s ERYI O pH K NI XS
W2 L DAL OB SE A G LT aTREME S B, [FIERIS, HoS &8k (1) 1 A v 2Bk
FRNARRT B ONCBNT S, H 23 S 415 [Canfield 1989],

Fe?* + HS- — FeS + H*

3BCTOENFER T, EIROMERIEMCY S BN 23°C L it L TE< 20, [FIRHC pH I
KT LTWe (Fig.3), ZOBGIE. HALBIZARICHE S HF OBIEBNER TH S LEX BN D,

FRESIMILERIT, HoS B R AART 2 & & biT, bSO &ERE pHO LR ZGI &R L, =
PEBRTIX, SEINC K VIELED pH 28 7.3 ~ 8.6 £ TORBATE{L L=, Z OEIE, — %7
(ii%/N7) pH (75~ 8.5 ; Parsons etal. 1984) <>, AR DE 13 LO¥KD pH (6.9 ~ 8.8 ; 44
RFEFR) 1TV, F2, FACEILEIIREEMETH Y [Canfield 1989; Giordani et al. 1996], KAUJEK
R ASOFIETIZE A LN EEZ BN D, FEBIC, SORINLEE 21T - 721 & B4 — E HIH
BiE L7z & 2 A, 10g Lt OKIRILELE KA A B O AR REIC A B 2 82 S0 2
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ENEER I NI (Fig. 4), 2 OREHRIZ ERIRIN E ZU o THE U DMDIEE ST A — & DAL,
S ORI EZ KT E 2N AR L TEY, HS I LA EBEMOBRER 712 X
LR LSE U CRMIT R £ FTREMEZ R L TV 5,

AWFFERESE, RIS £ 2D HoS ObbrEN . KEERABMY) OB AT E L 5 2 TIZRIED
WEHE HS IREZAR T S8 9 2ERMFIEL LT, O THMNTH D Z L am LT, KIED HS &
RITEE OREARCA I & R L MO 2 R D, HS S8 E % 5 ZHIC I EEKOEREFE

LA Z 572 L HoS &l oD B ffn.% L AWMU TR 5 Z L REETH - 72 [&
48 2005], AFIEICLD . HS & ﬁﬂﬁéﬁtfi%pﬁ%ﬁ‘é LT, RIBEATY) D434 R°

(B AT BN AR 307 HoS 23 B E LTb\é%ﬁ@%%%ﬁﬁ’ﬂlﬁﬂ?ﬁﬁTé NSRS B END,

1A

AW EAT O HIZ 0 HALKRFRFERE LR O B IE E BB I I3 L oL okl
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