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Estimation of Dominant In situ Redox Reactions of
Groundwaters and Hot Springs in Japan
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Abstract

pH and oxidation reduction potential (ORP) values of the waters in original positions (in
situ) were estimated by the use of analytical data on deep groundwaters and hot spring waters
at 67 points in Japan. A predominant redox reaction at each point was thermodynamically
analysed on the basis of the Gibbs reaction energy. The result showed that a redox reaction
of iron sulphide/sulphate ion was estimated to be predominant at many points, and that in a
pH-ORP diagram, most of the iz situ pH and ORP estimates were on an equilibrium curve
between pyrite and sulphate ion. It is suggested that the in situ groundwaters in 2 main
research regions of Dohoku area and Kanto District could be governed with the redox
reaction of the iron sulphide/sulphate ion.
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F—7—FHTK, EEK BRI, JEALE pH, JRAZiE ORP

1. FUC&IC

TR OH T K OKIEFH B X OHERAL AR, B RS O Mg L5 (Nuclear Waste
management Organisation of Japan, 2004) RIMERNEAT A D 12> TH 5 ALK FZEOH P IFHE
(B - R20, 2008) DZ4AFHIE & OBRBEEZEFHICB VW TR ZLEDTELRWIERTH 5. FFIC,
INLOHEFIIBWTIE, 78 Y27 FEMRFICHEET 2720, BF o A — MVBIBOR W
BT, BEHEIIKHA - IR AR RE T 5 L8 N D 5.

—ERNCH T AROKE 2R T 5 720121%, A=  7{La il L, #HAKICL D HlkogEs
B L7tk BRK - 92479 . —ICHUTEREBOH TR IZEITTIREBIZH O, OEETICH 5720
TRLRFER EDF A RS BEHEL TS, TRAMEICHAR SN G LIREIC X 2B AD 70 pH
WEATLIEDN LW, T2, KREOFTMIZ XL YL, BIL&ECEM (Oxidation-Reduction
Potential : ORP) 28 L5975 Z L1274 % (Grenthe et al., 1992 ; Gascoyne, 1997 ; Gascoyne, 2004 ; &
H5, 2009).

BEEYEO W pH, ORP O 7 — % #HUS T 51213, TOMFAKITCAFAEL TO I B W T
(i) pH, ORP # I3 2 LEXH D (GHILS, 2005 ; Li et al., 1997), JEAE I E A GE 2R T
RERKEEE DTS TN TE /2 (ED, 1995). LALad5, BREMEOMEICEEL T, £<
OTH - BRAPBEE R, ZHOMUEZHRITLIENTERVEVIMEND L. 02D, K
METOWEE AL THETOMEZITY, FABENEDITE 2 WO W TZE TOHE
il 6 FRMEOMEAZHET 5 FEEMET L LICX D, MTFRBOILW#EEO pH, ORP 2B H
BIEMAERFIICHEST 52 LRI 5. AN - B (2008a) (M CHAM S /- F ARk
AT — & H 5 A N KK E OHEE AT B2 THEORE LT, HARETF WS B 56 i O BRI
TR IFZERT NS BT 2 5 KEABRICEH L, 2o 2R L7

BUIEZRHEIIZE Y 7 —IZB W TIIEEO R =) ¥ LB W THKRABRIEm I N TB ) (H
M5, 2007), BEAD - EAL (2008b) & EREOTFEE TS OHIKKAEBICHEA T 5 Z & TIREY A
+ D JFEALE pH, ORP 434 OHEE % 17 - 72 (Fig. 1). #REE 600 m {43 TH7 o N7z A7 i pH, ORP
g oK R E R EHEEME IR T 5 X —BLTBY, HEOFHEIHERTE L. FALHE
pH O fliidhR O 70—V CUESN/AAEL D ST 7 P LTEBY, BEL L HITK
TLTH 62 DRI~ ElmNEZRLTWS., 2, HRKREICB W TRBREEIHEL &
LR LR ERDVL L o TV REEETHLDOTH S, Tz, JFE ORP O fiE
FHEO 70— VTHE S NAMEL D D RECETMICY 7 PLTBY, HEEH 200m LR TIE
-200mV BEDLZE LM EZRLTWD., ZhiCk - T, HFREREE LECEZRY
CEHHERE SN D, Figure 2 13Z OHKRER R B L AL EHE EH % pH-ORP ¥ 1 ¥ 7 7 Al
Tay ML, 4+ OLEROLEFIT L ERGDEEDOTH L. KRB FEALE I H 25
L8 (H.S 7213 HS) /TR A 4 v OF M Lic7ay PERTWAI EHhD, T FARIZFM
BBV THALY/EEE A A+ >~ O LEITTIHIBE SN TV B REEDH 5 & % 2 7= (FEAI, 2009).
=7, BS (2004) (ZBEHHL T HE O RN K 2 JE - 5007 L, BAARFIREO TRV
SRIKD ORP IIHEALY /R4 4+ (S* rhombic) DEEALEICHHI L TR SN2 EHEME L v—
HERLZZE LTS, Figure 313 DHEEKDOFENED pH-ORP 71 v MIFEMKA F 7 /54
Lk#E (HS(aq)) ROLEFIFEZERZZDDTH L. FHHRIE32D4 A TREB LT 200K
MG U TESNTEY, FIMEOIZE A ERZOFER EICTay hENTwD. BS (2004) X
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Fig. 1 Pumping tests were performed by Japan Atomic Energy Agency at Horonobe
Underground Laboratory site. Figure 1 shows depth variations of pH and ORP of
groundwater in the tests which were measured with flow-through cell sensors on the
surface. It also includes pH and ORP values which were estimated from analytical data
of the groundwaters assuming that they would be under in situ temperature and
pressure condition. ORP_SHE represents an ORP relative to the standard hydrogen
electrode. In situ pH and ORP were measured at depths of approximately 600m. The in
situ pH estimate completely coincides with the in situ pH measurement and the in situ
ORP estimate is in better agreement with the in situ ORP measurement than the surface
one. The in situ pH estimates show lower values than the surface measurements and
have a tendency for a pH of approximately 6.2 with depth. The in situ ORP estimates
represent a more reduced condition than the surface measurements, and show stable
reduction of approximately -200 mV below approximately 200 m depth.

COFEIEIZIHRIGH BV TELNZ O TH Y, WTRIBICBT AL —TH 5 HAEE 2w
LHIEE L2 BT, WTERHOMTARD ORP A%, EEIZHALY/ RS 712X YNy 77—
NTVWLWREICE R LTV 5.

ZD2ODHIKD ) HLEIH DM T RITETHESLORAE L, SHRMINTEY, HBETIZIHK
L DT ARDBHFEEA O S (e, I8, BKE) Brs, RGBS - ke
BIOVagkolfn (B, HE) oISk,

YLD XN, BAo/2200HIBOMTAREA + 7 OBALEITCHICHEINTVDEIDOTHNI
W, ORI 2 oo bl A B BREL, B IZHE SR oM B o T KIS IET 5 b
DTHBWREED D 5. oY, BFHTEEERY O gL BRI FEOH P IR IC BT %4
SR BREE RSB 2 17 9 B, BUHFRA % 47 9 5 O UK A FE O P sl A RS 12 B CHL T o dhER
LSRR T 2 EFICH R R ERE 2 D135,

AT, HTFAKRT— I RX—=2AZFH LT LELOBREMRX & 2D L0 TK, BS (2004) 12
LB MTETE ZORBOMTK, BLIZEOMOMERDOKE T — % %5 J5EM#E pH, ORP ®
ATV, ZNOOHTRNEA 7 OBLEILFICHE SN TV L 2Eh, BIUTZENLOMT
KOALRICIRRE % B2 3 5 368 2 SUGB D 5 DB DG & 175 72

227



FENFIZ WS REF

1 boundaries
08 | O surface measurements
’ H$0, B in situ estimates
0.6 |
04 f
-~ 02
&
w 0
I
7]

ORP.
o
a1

| | |
O e
® o M

I
ik

1 3 5 7 9 " 13

Fig. 2 pH-ORP diagram for the system S-O-H, showing pH and ORP values which
were measured on the surface in pumping tests at Horonobe site and in situ pH
and ORP values which were estimated from the analytical data. The in situ
estimates are on the equilibrium lines of sulphate and sulphide (H.S or HS™) ions.
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Fig. 3 pH-Eh plots for water samples measured under almost zero oxygen condition in the
eastern Kanto region and equilibrium lines for solid sulphur (S°)—aqueous hydrogen
sulphide (H.S(aq)) at different total sulphur (Seki et al., 2004). Most measured values
are on the equilibrium lines. Plots with h are for more than 40°C. Solid lines and broken
lines are for 25°C and 50°C, respectively. Eh represents an ORP relative to the standard
Hydrogen electrode, especially calculated thermodynamically.
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2. HWTFKDESE pH, ORP OH#TEFHE

2.1 XFRMTK

HARD S % 3O T RHA F 7 OERLEITTHTICHE EN T E2EDLOHRELITH 72012, H
TAF—FR—2 GEHES, 2003) »SHREF—F7 2L, RETHBRRBEM - B (2008a) 78
R’ET 2 F L2 HCENE pH, ORP g Z To72. £L T, #TFIZBWTERT )15 25ERLE
TR E BRARE L, BRI 2 KOS & [FE L7z, WS, pH-ORP %4 ¥ 75 A% v
T, ZTOMALETTION & EAE pH, ORP OHEMOBREMRE L. 4B, ToF—FX—2i
TR - M T AR DAL SIS 2 R - 33 L, WREZR 0 $RARME S BE S 2 153 (Rke, R
Bm) ZWE - AL oThsb.

WEAE 2 3 BRI SE & > 7 — CTHh S N2k OH T Ky >~ 7V Tld, Fig 2 1287 & 9 125
BB 2 BRAE GO IR /IR A 4 VICHE SN2 W ATRIE SNz C OMEINAT N %
Hdk 7213 OB RG22 MR T 5720, WREHBEDOMAR—) ¥ ZILOBEKE T — 7 &L
#1L, FAEICBITS pH, ORP OHEEEAT) T L THRENILGDIEEEITH) T & & L

F72, 5 (2004) ®F— % TlE Fig. 3R T X 9 ICZOMALR GRS ITRILW/ A 4+ 7 O s
ICHESNAEMDP DL bbb LrL, 5 (2004) OF— 7 B ABREEI DRV v
TNWEREZHMETUMELZDDTH L7720, FEED pH, ORP ZH#ET 5 2 & THEIL O
A FRRHEERTIEE L FRICMA T, EROEm B s T 75 DR R
RS 272012, M) B X O UHIBOBAER—1) ¥ 7 Lo 7 — & OPUEE TV, FALE
2B % pH, ORP DIEEZ#4TH 2 & THENGOIEEZITH) 2L & L7z

WIS, i 2 B X O F O A LA DA K E T — % £ LT, Z 2 Tld Matsubaya et
al. (1973) HSFPLAHLIE L LTI D W THF L2 HARICBIT 2 4005 L TOHRRT— % (7
)=y 7 iR, AR, KIEIRE) OME 27z NRIEKOEBY TH 5 ¢
7V —5 78 (FHREKRES, WEEIL, fSEE) - AR (56 W20, ARG
HEME R, REER) o KRIDER i rE, =ta, Bk 2-o) AN (LHEA
BLy2o).

WRELZHMTFRKIIDTOEBY THS

OIREEHEIIZE 2~ & — 2B 55K — 4 (BHLS, 2007) @ 119 7w
QERIERM T FE 2 » 7 —FBOMWHAK - HmK EHRS, 2003) : 14T
GBIRH I BV 5 KIRERE (5, 2004) @ 16 %> 7w

OBIHHL )T L 77 AHIK - sk - BUHFHK - REAR GRHES, 2003) @ 1347w
GOHAROMI 7 4 5 4 TOWMAK GEHFS, 2003) 1 1337

FREOHIE A SHT KR E BET BTN 725 TiE, UToOFEMAEWzTdoL L.

- Bk 8 s (BA 4+ >~ 1 Na', K, Ca*, Mg™, l&4 >~ : Cl', HCO,", COs™, SO#™) DF — %3
flioTVwbIl U+ VNT LV ADERPTES)

- BRI @ pH, KT — ¥ 03 5 Z &

s A=) Y TILOGEROKREICE T 2 EHrHH 2 &

- EBET A DWEHH B 2 &

g E L TR % Fig. 4 1”7, 4B, Lo TRkT—570, @2 LHTHHTTE
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Fig. 4 Map showing localities of 67 groundwaters in Japan.

Dohoku & LTEY, LiEOTF—FOIXKAF D Seki ef al. (2004) THY, LiLoF—5@D, ©%
F O TP TIE Others & LTW5,

LELOMTARITHROM T REEKERETLDIIHF LITFZ 20D, BARRBOSEMHILTO
Iy HTHo7

Weittn  Ra, Ha, YV INa, Wh, s, BXmEs,

KECE  ABRE, ABRPIRCE, WRCE, RIS

BA s Bk

B, BT 2RO PR SAHTH Y, FAWERMSEICHT 2RI S
N ot

B

REBEIR A

2.2 JR{IE& pH, ORP OHEEFX

FEAD - BAL (20082) A% L T 2 5 ALE L T ARKE OHEEFEICOWTHICHHT 5. 2
OFPE, —BIATDON TV LEKRBETHREONG T4, DF VM TFKT—FIRX—ZATHLN
LX) %T—=r0, HMEKILAIEERAL X ORMESLEY— KIS 2 ZET 52 & THEMAED
pH, ORP ZH#ET % T TH 5.

HFICBT B KEDOEEM 2 BT 5—B1 & LT, »HWBEICBITLILFFEHK 2 HERILF1Y
PHFEHRIC K o TRO B 2 EATE 5. ZHITHBERAFA & HBIEHANZIEDOWT, KEHH D1k
FHOBRELBAEZEIH T30 THSH. RFEFETIE USGS CREHIEFANT - US. Geological
Survey) IZBWTAH I N TWw AT 2 — F PHREEQC (Parkhurst and Appelo, 1999) % ¢,
WRIZBWTHEB L OO ENKRE T — 2 2 O FEAERE - [E12B1F % pH, ORP O¥fEw %
7o Twad, WIERILFEMNT 2 — FIZEMEE D 2725 ZTNoI2o00WTIRBIZIEY = 7% 14 T Geo-
technical & geoenvironmental software directory (2008) IZ7EL W,
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PHREEQC ®##lid Parkhurst and Appelo (1999) 257 XTwWb 728, Z 2 TIEIMEZF Y.
PHREEQC 13 1 & ¥ KA KEHRE T MICE DT, KBRS (HBUK & ik LT 2B 25
WML FRIEEIT ) 2007075 A ThHLH. WETHESNIZME - 9WHEE W CEALE
TAKE ZHeET 5 720121F, PHREEQC 238> % o HiE L ¥ EERED S b, THREICH
G AILEREGISE E AL 0Ny FRBUSEH DAL 2 4. BRFP OSSR OEE, BE, Sl
ZEtH 9 572912, PHREEQC TIXENMNT ¥ A (1), HEIER(2), 3), WHELRE % %K T Davies
A(4)F 7213355 Debye-Huckel 2(5) Z HHWTW 5.

HEHELEMDENNT Y ARWFKRO LY IZEREND -

Nug N,
me. i + Dby o0, = const. (1)
Z I, Ny KEMALFEO, N, @ KA SO, n: RICBT 2 ZKEMALFEEOELVE, n, :

RSB 2 EEMBEIT DEIVEL bn @ BALFHE T 72X S EAMEST 1 ENVY72) DILE m DENVE
TR

PLRARIC o TRIEMALSEHE | & SN g DR VEA B S LA TED
M.,
DoKW "
i .
M.,
n :—Pij};g Tfacn (3)
ST o0 ENEL K OFMFER an EEALSHE m O, M. KB EECEROSE, o

AL m OLFETREL, W KBERICBWTHERTH 2 KO8R, v GBI N &R
MOEENVE, Pou: &, WAT g BROILHH, SHES %R

KEMEAL R i 0 35 & 4R £y 1 Davies 32X (4) 72 12 45 58 Debye-Huckel 2%(5) (Truesdell and
Jones, 1974) IZX > TIN5 .

o)
= — R A 4
logyi= — Az <1+\[” 0.3u (4)
AZiZ«/Ijl
I = —————+Dh (5
o8 T Bavi " )

22T, z KBS L oA 4 oMl g KEEOA A VEE, ABIUB: IWEOARITK
BT 5EH a*BLO: PFEESOHERRT =571 v 74 v 7 LTRDA F VA
DEHETH 5.

JE i H T 7K pH, ORP OfEsE TG R D@ Y & L7z

WIRALE TR E D720 OIS EL, HRICHK SN T ROKD &5 RilllE - 5HHETH
% i, BN (—BEMIZIZ 1 AE), pH ORP (H2 2 L F L), BRI, Wik
WA B A A/ K, A, PHREEQC (2 & V) & g 2% 5 AL s 3 X O h
DFTEDEI BAEE R BHIOFERITH 2 LT, FEMED pH, ORP OHEE & 7o 72, JHEAE
DEMDOT =5 3HY, TNV pH R ORPISHE 252520 E 2o N5E6 BlZIE, &
TRIESY), A Ao e i y), Toun Nz e L, PHREEQC OFHHEME R O UE %
LR E 5 2 & THALE pH, ORP OH 42 2EE 2179 S EATE A, AN E f
W7 — % HETdH - 72720, PHREEQC 12 & % #1445 H 2 A& pH, ORP OHEEfili & L7z
A, JFEALEES - BT 57— S IZ R ETH o 2RI E D ICHEE Lz, BALEED I
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BARE AT 2 IRE L CIREL SR L2, 72, Jl?ﬂ HEEER— ¥ 7 LA & ke Bl
K (HF S, 2004) 2»5HimAE ZHEE L, REISFIE L.

3. HBREEE

PHREEQC 12 & % F /KD AL pH, ORP Of5Efiti% Fig. 5 (2”7

AL BB IC G- 2 0% 1L, BEMEOSAR FKRICEENTE D, BRI TREBIISETT
A EALT HILHETH A, BT, AAPICHFREL, ﬁ‘oﬁﬁﬂﬁ EICICBIG-4 % 7C# & LT Fe, Mn, S,
CHBIRL7. TNHOITHRITIMA LELIZBV WCEINTWLDT, MRRICBIF2Z20
S EAE%E Table 112F & O TRY (Hem, 1970)

INSOTLEEEA, Hgh TR Y456 1E Stumm and Morgan (1996), Langmuir
(1997) 12X B LUTORIG6) 205120 E X2 S5Nb. %8B, MFAOMTKT—4121E Mn 2813 L A
FREEN T ARWwz®, Mn 2553 2 S IEEE L Tz,

SO +10H" +8e =H.S+4 H,0 (6)
Fe(OH);+3H"+e” =Fe” +3H,0 (7)
Fe(OH)sem +3H +e =Fe* +3H.0 (8)
Fe(OH) 36m + HCO;™ +2H" + e~ =FeCOs + 3H.0 (9)
a-FeOOH +HCO;™ +2H" +e” =FeCOs¢ +2H.0 (10)

Fe* +2S0/ +16H' +14e” =FeSy» +8H.0
SO/~ +FeCOs +9H +8e™ =FeS( + HCO;™ +4 H.0

= =
oo

600

XKEstimates of Dohoku wells
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Fig. 5 pH-ORP diagram showing in situ pH and ORP estimates for the 67 groundwaters.

Table 1 Average composition of main elements concerning redox
conditions in the crust (Hem, 1970)

Sedimentary rocks

Element (ppm) Tgneous rocks Sandstone Shale Carbonates
Fe 42200 18600 38800 8190
Mn 937 392 575 842
S 410 945 1850 4550
C 320 13800 15300 113500
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Z 2T, am : JERE (amorphous), s : FEME (solid) Z/RT.
LRROISOH TR d LR R KB %, Gibbs @ KIS T AV F — % v CEITZ KRGS L7z,
FHTFAKT —F 1k L TRMESEMFEICBIT 5 EROMG T ANV T —%2 ENENEHT LI LT, &
LRI DR TVRIEOHEEZITo72. BB, Gibbs DRIET ANV F—=2ETH 5 LEUCITAEL H
LAANEHG I EEZRLTEY, IETHELEIIHELLEBNEULHETL Z & 2RT. b
IANF =X TH LB EIELOOSHFEREBICSH L Z L 2Ry, Lied>T, LiEob
IZB VT Gibbs O UG T AV F — D EAK E W, TORILBPET LR T W EHEETE, Kb

OHFIMFIERAIC L > THWTEEZ L2k 5.
3, NI X o THEHIRFEIC BT 5 Gibbs @ Kt T AV F —AG," (Stumm and Morgan,
1996) %Rk 7-.

AG) =2 uGhi 13

BT, NI X 5 TRE TI2BT 5 ST 4 V¥ — (Appelo and Postma, 2005) #Kd7z. &
DFHEN LB AL O 12 PHREEQC D545 $% Fv 72,

AGT=AG+RT Hln [a]" (14)

I, 1525 I X » TEH PITBIT 5 b T A v ¥ — (Millero, 1982 ; Tanger and Helgeson,
1988) # k&> 7-.

P
1 % = % < —AVP+ %AKOPZ> 15)
AV =" 1V° (16)
A=Y (17)
KP
AGI=AG!+RTIn—; (18

KO
T, AGS: HEHEIRIEIZBIT D Gibbs OIS T AV F—, i b, u4 o fbFEmRE G
HIRFBIZ BT 5 Gibbs DKL AN F—, AG" : EE T I2B1F 5 Gibbs ORISRV F—, R
Z5ER, T ARHREE, [al @R, K' BN PICBU SR, K ED 01281 515 R %,
Py, VORI VAR, BRI EVEME, AG” R P IZBIF % Gibbs @ R
IANVF—, THhb.

Bz L, AEHER L 72HEOPF CTROBEEORERVBOD 1oL LT, BE 1510m, K7 E RE
615C DT —F 12DV TR (6) D Gibbs T ANV F—%/RF. AG'= —19207k]/mol, AG,"= —192.07
+184.97=—-7.10k]/mol, AG"= —-19207-112= -193.19k]/mol, &7V, REDHEIZK L TE
D OEBEIIEHINE V2D, ARFIZBOTREDOREImHTE L L L.

HROSAIRH) & % 2 HERROMEY TH o7z
AL T SO 6) (7). (&) (9 (0 @ 02
IBLE B EE (%) 0 0 34 1 12 36 17
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LR LW E R AEET LiE, Bz, S BEHT KT =7 D 36% IZBWTiRbA LR
FTWRIBTH o722 LE2EIRT 5. TOME, WkiE (FeS.) /Bl A 4 ¥ DRIBAET — 5 D 36%
TR TH D EHESIN, RTMigkA F > /4 5 Y kBAbE: (I ORISH T — % D 34%, i
b8k QD) /BEEA + > OBUSH 17%, 885 (siderite) /F F ¥ KBALEE (1) OBUGAH 12% & HEE
A7z, DF 0, WERIL/BREEA 4 v AL (DD /BREEA 4 > & v ) BRALER/BRIR A o+ > D BUEAS
E7T—=FOPFU LD 3% BTN TH S EVI)HERICR Y, HALSSEY OERLE T Kt
AEME T AKEEBE L COL MRS EZ SNb, 22T, kb LA % BOG 01) (3% 8k /5
B4 4 v OFALEICIL) @ pH-ORP ¥4 ¥ 7 A% e L, JEALE pH, ORP OHEE L OB
BRoME %247 572 (Fig. 6). & A EOHEE T — 7 \Z W/ RIEA 4 > Ol Lo 7ay b
ENTWBEZ EDbh Db, SHMGE L2 T AS X ORISR KT B & B3 )7 2B
b7:0, ZO 2 WIFIZB W TILEAE - T K OBRLRICIRE DS E BRI/ A 4 Y ICHEShTW
LU RMESE 2 O5ND. AHEEATOM T KIEIFEEAOHF PSR L7250 TH Y, R
JiB LU ZORBOM T KIHEAOHERE, BHAOKEE - 21, ¥ FioHRts, 6
WA OHERE, Zofl CRH) 26K LTwa. Zo2HR0% { OF — ¥ 3= oHfs
DHTKDEDTH o722 05, EROEMEIZHADOHE =Ko FKICHBET 255003
M ze v,

800 | 800 |
& 600 HS 600 |
E 400 SO/ 400 |
w 200 = 200 F

fa E
@ 0 o or
& -200 5—200 7
©-400 a'-400 |
-600 &-600 |
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T

Fig. 6 pH-ORP diagram for the system S-O-H and pyrite at different total sulphur concentrations
ranging from 1077 to 10?mol/kgw, showing the in situ pH and ORP estimates. Most of the
estimates are on equilibrium lines of pyrite and sulphate or bisulphate ion.
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