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Abstract

Anionic radionuclides are important for the long-term safety assessment of Japanese

transuranic (TRU) waste disposal facilities. Degradation of cementitious materials

used to construct the TRU waste disposal facilities, however, can produce a

hyperalkaline leachate and so it is necessary to understand the reaction mechanisms

that will control the behavior and fate of anionic radionuclides under these

hyperalkaline conditions. An excellent natural analogue site to study relevant reaction

mechanisms is provided in Oman where hyperalkaline spring waters (pH > 11) from

serpentinized peridotites discharge into moderately alkaline rivers. The hyperalkaline

spring water is reducing, with low Mg, Si and HCO3", and high Ca concentrations,

whereas the river water is oxidizing with high Mg and HCOz™ concentrations, and

secondary mineral formation is widespread. Water and secondary mineral samples

were collected at increasing distances from the spring to identify dominant reaction

mechanisms. On-site synthesis was also carried out to identify the effect of mixing

ratios between spring and river water on mineral composition.

Aragonite was found in all secondary mineral samples, with accessory minerals of

calcite, layered double hydroxide (LDH) and brucite. LDH was observed at the high Al

concentration springs and brucite at the low Al concentration springs. Calcite was only

found close to the springs. Distal calcite formation was inhibited due to high Mg
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concentrations in the river water. The spatial distribution of minerals therefore
implicates the importance of the mixing ratio of spring to river water and the relative
chemical compositions of the spring and river waters.

Supporting mixing model calculations could successfully reproduce the precipitation
of aragonite and LDH. The observed decrease in Ca concentration could be explained
by aragonite precipitation. pH exerted a strong control on the precipitation of LDH and
so too, therefore, on Al concentration. In the mixing water experiments containing up
to 40% river water, LDH and brucite were both oversaturated, but brucite was not
always identified by XRD. The possible inhibition of brucite by LDH precipitation was
an unexpected result.

Mg/Al ratios from 2 to 4 in LDH were used in the mixing model calculation and anion
exchange sites were set for HSiO3s~, CI-, COs%, and OH". Anion exchange on LDH was
found to strongly influence HSiOs™ and CI~ ion concentrations and similar behavioral
tendencies may be exhibited by I~ and TcO4 relevant to TRU waste disposal. Mg
concentration however, could not be reliably simulated by LDH alone and so the
precipitation of an amorphous magnesium silicate hydrate (M-S-H) was inferred.
Coprecipitation experiments were was conducted by synthesis of calcium carbonate in
the presence of iodide or iodate ion. The precipitation was produced by mixing

Ca-solution which contained appropriate amount of iodide or iodate with a



CO»-solution (50 mL for both solutions). For aragonite, Ca-solution was composed of
0.1 M CaClz and 0.3 M MgCl> with Mg/Ca ratio of 3. ([Mg]/[Ca]=3). For calcite,
Ca-solution was composed of 0.4 M CaCl». For both calcium carbonates, CO»-solution
was a solution of 0.1 M Na2CO3. lodide and iodate concentrations were 50, 100, 500,
1000, 5000, 10000 ppm. The mixed solutions were kept in the open air and stirred with
a magnetic stirrer at 25 “C for about 24 h.

In the case of adsorption experiments, calcium carbonates were synthesized by mixing
a Ca-solution without iodide or iodate and a CO2 solution. The solid precipitates were
freeze dried, then 40 mg of each solid precipitate was used for adsorption
experiment(solid / liquid = 40 mg / 40 mL). This solutions were kept in the open air
and shaken with a shaker at 25 “C for about 24 h.

In all experiments, the precipitates were filtered with a 45 um membrane filter and
dried. The synthesized samples were identified using a powder X-ray diffractometer.
Concentrations of iodine in the precipitations were analyzed by ICP-MS after
dissolution of the precipitates. The speciation of iodine in the remaining water was
measured by IC.

lodide coprecipitation system produced calcite and aragonite. Therefore iodide did not
affect on polymorphs of calcium carbonate minerals. In contrast, iodate coprecipitation

system produced metastable phase, vaterite and monohydrocalcite. Therefore ,the
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phase of calcium carbonate was effected by iodate not iodide iodate effect on

polymorphs of calcium carbonate minerals. The uptake amount of iodide in

coprecipitation system was higher than adsorption system, especially aragonite

coprecipitation system. The uptake amount of iodate in coprecipitation system was

also higher than adsorption system, especially vaterite. Therefore the coprecipitation

process of iodine was dominant than the adsorption process, and the amount of uptake

was effected by the difference of calcium carbonate polymorphs.
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WA TH, 2O D Z I KMEICEN T ZEM Tai, SHIZEDORD &t
AV RRMEICED D, ZOANTAY T TEAENTZFEEY Z T 300m LIEIC
W5y 3 DREt T O TV D (BERFEEG S, BB 7 VB, 2005), =
DIZANLANY TRYUEOREHIE DX, HIEL v AT L DL RFHM A Tk S
iz, ZONOBEFMOFERIZL D L, 2 NEHRICO D HREDRKKE
XA L TWA(Fig. 1-1), ZhiE, ANIXRNUTHEHCZLEHENDL B AV b
EHTFIKRDRISIT E VG @ T VT VR E 720, RN Y T 2T 5
FL OREEMDEAICHET D Z L (Fig. 1-2), 723 vRO(LFREMBIEA 4
Thb s L(Fig 1-3)/26, ANLANUTHMEBIORRARANY T ~O55EN
KS<ERESINTLTZDTHLEBZ LD, LLRBG, HU /KB E
NT U ADBRING, BA T TR - YL T 5 2 LI13E LS, FMES
RIBEZNTAE « A F &M - b7 EIC X o TRA T OBATHEBIE IS
FIREMEDN SV, E DTz, @7 VA ) BREL T COMSIEREA A RO BAT2E
BORIEN T LT o TN D,

LTI WT IR OZFITTWRAEME L B BN TWDD, BRSPS X

B 72N A AT B O BRI 2RI X > TRATIERIE S 2 FIREMEDN 6 5.
2



ZD, a7 V) — b OPHIZ L > TERENDET VA ) BREIZEIT DL
MDA & Z DOREMEFFT S 2 L, BREBITREEOB AN D EEL 5.
bHAHA, A7 Y= MR A Y MIEIOSGITHE O MM B O£ T, Th
LEHEMET L LPABOMENRETHLHD. Lo, ZRHIIMEIZO LD
DIEFN) « DFAEEHRE L TEBY, Sk TRHT2&ET LAY
K EHT KD O Ko TARCS D ZIREEMIZEI S D583 72 .

1. E+00
1.E-01 r HHEO B ABETEEL AL (900~ 1200 1 Sv/y)
1E-02 |
1.E-03
| E-04 HAETEREINTLWASESILAE(100~300 1 Sv/y)
= 1E-05 c-1aiEt) 5129 Mo-93
0% Se-79
w T Te-99 1\
= 1E-07 | PN N
Cl-36 L L, ~
]E—Dg N __r' et i h‘)
_tarmmis £ TN L ,
e LG 14@.&} y o
1E-11 | J.‘
1E-12 S ' ! L :
1E+00 1.E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1.E+07

B (y)

Fig. 1-1 Temporal change in doses calculated from the nuclides including in TRU

waste.
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1.2 FTFaASLTFATHA FELTOAY—DETILHYRE

WUYBRBE CHE SN D BRI L - RIROBIR 2 ERMICEHM L Lo & T2
FTFaINANTIualWEO—RE LT, A~v—rFT7 0474 NMIBHT HE
TV U SR E SRR O FOGIT Ko THE T D IREEW O AR % ARRIFIE D58 %t 5
LU A=A T 4 A TA M SRR SIC K o T pH 11 2
ZD@MT AV ENBEHLTEY, TRbIEE A2 MEHK S FEEIC Ca-OH %
TH5HY. LENR-T, 20 Ca-OHFZDET /LA VIR EHEKE DRIGIZE -
THAL D IR OAERIE, TRU BEFEY O MIE L3RRS IIT 51 A M ER
KEHMTKRDIES THIE SN DI AERIEDT T a TEBGELEZH LN T
5.

A~ = O T NIV REDIZBT DB LT, RBEEWTH DN
YA b (Calcite , CaCO;) °7 7 2FA b (Aragonite, CaC0,), KEE{LHL
W<cin7v—4%A b (Brucite, Mg(OH),) R°AR/L T & A b (Portlandite,
Ca(OH),), LDH OAERMNHE SN TS, LavL, ZA5I3hEEY 2R
LM ERE LT b O TH Y, SEMERD T vt 2GR D SRR % KU
%5 LTI DA 2 b O TRV, A~—rOYESERKEE2 7 1
THIRLEDLZ, RARREICBITOBEFEELHERILTFEET U 728> Tl
922 LT, EEOWGREICIT 2 BT OEIZET 2 2 & A arke

0%, Fiz, BREBITRELZZET550100%, BT 2 AEMMIC X 5EBER)
ReEETHZEbEELZRD. BHlxiX, Gohetal (2008)I2 LV #HAE I TV
D IR AKIBLIEIE, &7 VAV RETHOEmWIEA 4 v SSMmA B2 H T 5k
YT HDT, EDOEMDOEMIL TRU BEEEW Sy D Z 27 L EE L 2 5.
T2, BA VMR THD I T LV r— RAKFI(C-S-HFRIZBI L Th
BATEBLEN RSN TERY, EROAENEZEE SND. b OIMRIT,

EEEOW BRI B WD CIIETALFREREIC L D ZOARBP IR E DN, ZOF
6



fif - PR PE & AT & OBIRIED S, AL ALY AT Z & BFERO
ALGSFAIC IS E L T2 D

T ZTARMIZETIE, A OBREIIAL L7 RARREEIC R T 28 ko 7 m
T AR L IRET D XE R ERZ A LN T 5720, IA~v—rOmT v
1V IRJEDIC AR HER SN AN B L OER L DARKICED S LB X b
DRI < WK ZERIL Tt L7e. 70, ST X - Tk 2l ak %
AT O, WK EERKDREREGEEDENILDIZLOEEZ, TNOLORA
\Z X DM~ DL EELT 5720, IR ERIRKEIEIZ Sk
oy LTIREARERZBSICCER L, HRLUZRED LGOI LR
GO, TNLEBIFBENDEBE LT,

1.3 ALYV LRBIBHHDSETSELSHE I IRIUERE

H IV NREYESR T2 5 3 FEFE D% (calcite, aragonite, vaterite) 3 {ELE
L, ENENDAERGFMHFITER D, MBRERIZEBOWTERBPHR I TWD O
I% calcite & aragonite T ¥, vaterite |THFEEREE CHRINZ 1 HIOALTH D
(Rowlands and Webster, 1971), HiERFE D LLEAVRWEE, JEHSRMETIZB W T
calcite 7% aragonite X ¥ & ETh 5 (ALEF, 1990), L7228 > THUEREE Tl
aragonite /X calcite ~EE 3 5 A[gEMEN B D, 7272 L, calcite 35 & OF aragonite @
ARITEAMICIRE, EAZT TIEERT L 2 &3k, FiEREET T
calcite WL ETHH N, 1= & 2 IXFIRF L T ORHRIC Mg? D38 7T 5 & 2D
R~ B IIANLEE 72 aragonite 23 AERK L, &0 72 calcite DABUTHIES D, 2D
£ 912, calcite & aragonite D AERUTEEIE T ET D 2l A2k > TESA

ENd, Ca* LD b A AL RN/ NE N M2, Cu?, Zn* D IREEYE OFE s TEIE



Wi calcite X & & 0, Ca?* LV A AL N K E VS, Ph?Y, Ba?* Rt
DOFEELIEIT aragonite JE Tdh 5, bl Uiz A A0 88 & IR OFE S TE 2 B £ 2
% &, calcite & aragonite DAERKIZE L CRD X 5 RSN THNZZ E13H
- 7-(ALE¥F, 1990), Ca?* XV & A A L PN/ SV Mg?, Cu®*, Zn?*% CaCOs
WEFIATR PICIBAF T 5 &, ORI DI calcite 24T, Ca®* kv A 4
PN K E U Sr¥*, P, Ba?'y CaCOs ifaFIEiR A9 % &, aragonite
WEC D, DFD, Mg?, Cu®, ZnZORERIEITHRETH D720, b0
feimm’ calcite fidb DO & LTHIHI L, AT % CaCOs i calcite & 725, £7c,

Sr#*, Pb*, Ba*" % [FAEIC Aragonite fm D% & LTHIL, AT % CaCOs Ik
aragonite & 725, LovL, |BHNEBRIZ KLY R /2 S5 calcite X aragonite D4
FRIEZE DGR & 132 < W ORER DS BTV 5 (LB, 1990), % ¥, Mg, Cu®,
ZnP NI IS ET 5 &, aragonite 234 U, Sr¥*, Pb?, Ba®* 34 L % & calcite
DECDLZEDPHALNIINTEDOTHD, LrLaenb, RREEIZBITS
calcite & aragonite D ERECAEE KT L C 2 fiA A 2 2 RIF T B ORRE &

WA L7213k 720 (Berner, 1975),



=S7IVAYRBEDBIZE T D ZRIEYMDERE TDER

i
N
1ok

21 AT EEH

A L OBEHREU, bt ~—>F 7 4 A T4 bOFET I Y BRPFEEHT
2 HhS(Bat, Hilti)lZ3s\ T 2011 4 12 A 25 A5 31 HICHo T T3k L 7= (Fig. 2-1),
WL @7V RIS A PR AR AU SRR DI O R & 2 WA R 2> 6 15
THI L, iR RN DI & A CHAEAOILEB R TR 3mLTWD
(Fig. 2-2), Z DOILEH DML & Z OAEFBIREEZ I NS T 5720, EmE
T TR ZDERICO DL ET VI VIR EFIIK GBI LT,
MR EFINAKIET 4 AR—F TN T FITRAEY , FEREUH A T pH, EXUEE
£, ORP ZHIiE L7z, TNENDOFEHL, BEWEDOREDT-HIZ 0.20 pm A
7L 7 4 V2 —(ADVANTEC $-25HP020AN, #i/KkMt PTFE #F#) v f+ir7=
20mL >V U UITIET AN, BE, TN D Sz 2 K0 20 mLPP A AR RV
BLANT, 2ARONRIL, IBFRA A4 R ZBIET 5 -0 08K, W7o
F AR A BE T 2 7212 60%HEE (B b ik iatt AEeRIEN 1.38)% 1
VOI%YRAN L 7= Tk T %, IAKIZE T LA VIR & OATRRIE TR L, Ak
DOFRNZK T 2 BB L 7o Hi s & [ U3 TR L 7,
B FKEEHT B U TR I L 72 US4 2B 5 2 A L. 2 OB 513301 o B
B RIRIC A2y TNEFIZ DT 72 (Fig. 2-3), 7o, WEAEUEH I KGR 2 82 L 72 Hi
RBEIL . SR T4 &3 5 2 KRR — 8 S W70, KEUE & LBkt
(IVET)E CTEFORNIW & P 2 ZRET LTz, KR W X P ORI
A= 95 B R G e 7/ = W/ S e
IR L DT, TREIRIEIRKRD)IK & BV LIZBRICBIE SN D, o
Gt COWRRAK EFNIKOBESHIIAATH S, £ 2 TAIZETIEL, Bat (28T



PREC L T2iRRAK LK k2 2 BIETIRG L, 2 AM#ET L2 & Ty /£
RS D “BUGGMER Y2707, BREEEZIEHED L T LES
T, IRV O Z R LILEEE e Uiz, E7I8IR S B L TR i
Wt L7, IRAEE GRIIIK iR 13, 10:90, 20:80, 30:70, 40:60, 50:50, 60:40,
70:30, 80:20 & L, IBEAKNPEEFIT3L & L <ITEBWREI O BN D EZ L
NDEMETIX 6L LD X ICLER L, £ b OARERSMIL, WK
(River water) & i & 7K (Spring water) DFACF- & FHIE 7226, R1S9, R2S8, » + - D XD

(ZAM L THRT,

22 oM

H TR, KR, pH, BRUSEEE, ORP OMIE L, 7 h U =F 4 ME % I L7,
TVAY =T 4 EX USGS (2009)2D HEIZHEY, 045 yum BA T LT 4 LA
— TR L72/K % 50mL 1370 Buo TG L 7=,

BRHL L 72 KRB Db AT 35 8 R & 7 T X~ Fo Ak (5 i SR iy i
ICPE-9000) \f2A A #ARIEA A 7 v~ b 7T 7 ¢ —ik (Metrohm #1484 1C861) |2 &
DT LT 72, B A AFBROEEIL. £ 75 0 7 —1EIZ X AW ERE (3
ARGy RIERAN AT I RE (V-550)) 12X W HIEEAT -7,

LG EN D WIT AR i~ o v b L, #EEERS R
RINT-2100 Z VT X #REHT (XRD) ZoAric KV [FE L7z, S ISR L TF
UM oo drix, AbEE RFCGERIFIAER: T/ « ~A4 7 a~T U TVt
WRE)D AARABFHRASHH T r—V F=I v a vEF TR —T~vA 70T )
7 4% (IXA-8530F) #fH L7z,

"BONTIRT — 212 L 50 EGHRITVA R PET ) 7 a—RTh D

PHREEQCY ZFIH L. F—Z _X— 2|35 pH SMETERT LI T — 2 N B ER T T

10



v AHE A TIC L D Thermoddem (v1. 10) YZ2F]H L7-,
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23  #ER
231 BFOKE
AW CTHREHRI LA~ — 2 A7 4 AT A MG O 2 #1220 T O R A 7R~
Do P72 T — 2 % Table. 2-1 (289, 22 CIIERIREIT > A S CTOMBmE H L
ACEHRIRLIZm 7 V0 ) R EeRET 2B L £OEESH L 061451 Bt~
ATEGFT TR Lo, @7 v U ROIBANRRNEZE 2 HLATNIKEE, 7%
O RS LT O KEIZOWTIRR S,
JESRAKO pH I, Hilti (28 TIE 11.55-11. 62, Bat TiX 11.08 TH -7z, ZTib
(T OHE NS . 23A B AEBIERCE LT DI CTAER S NIZ@m T v Y K TH
HEHEE LTz, — T WJIKIZEOHIAETH pHN 8. 5 FRETH - 7=,
i R7K D Eh (2B LTI, Bat 23-643mV LK< | BEEDOHIZE TG S A7 ARIEMERCE
AEATPES @7 AT U 5% Eh 23D TR & W D R s — 8092 39, s A e
EBIT, KFERLAZ LV o TBETNR T AOBEH L WA S TERY ¥ AiF
JEORBFICHBIET 22 LN TEFz, —FH T, Hilti @ Eh [X-291 mV, +11 mV,
+30 mV F2JE & Bat & HEAMED SV I &R S LT
FHERBEFILREDOREICOVWTEL DD, £, @744 U RIZELTIE, Ca
JREEIX 051-1.32 mM Z 7= L, fil)IIZK & [E1IX L 72 Bat, Hilti (238 Tik, 223Ul
KOWEEZ B> TWe, £/, @7 BV RIE Mg & SizElkaedoh0T
VAP EFTN T L2 0b L TEN L OREMENZ ERREREHHTH D,
ZOZEE, BTNV ROKETS T A OEMIR RO B TIXFHPITE 2
ZEEWRTLHLDOTHD, —H, v MO T U E ORI ZiiLT < D]
JIAKIZ Mg & Si ZHEMEREICEATEYD . Mg iX2.2-29 mM, Si i 0.3 mM %7~
L7,

ZZF TR L7- Ca, Mg, Si DRI L Tk, ATt L7ZIBR KO FTRE 7R

12



EWITR OGN0 o 723 Al OREIIERESGFT O 7 v 71 ) ROF TEVWARD b
7z, Bat TiX0.023mM TH 2 —F T, Hilti TIIMHRALL T TH o7z,

Baa A2 Tl CUDMRRAK, FWIIKICBWTKERTHY . TOREITIRRKT
3.45-6.27 mM, {T)I[/Ki% Bat T 1.32mM, Hilti T 1.48 mM % R L7z,

SO Y BE VRS /K TITied THREEDME <, MEHIRFLL TR RY:ThH o 72, WJIIKIZ
F\UTiE Bat T 0.519 mM, Hilti T 0.423-0.437 mM T& - 7=, NOs i 1% SO [l Bk,
RS K Tl D TR EDME S L BRIHIRALL T 3R TH - 72, FJIKIZIB W TIT Bat
T 0.149mM. Hilti T 0.100-0.113 mM Th -~ 7=,

Bl TIT o727 v ) =7 4 &I &V Bat #illi TIXIRRAKREHZ BN T
2.706meq/L. ) IIKFREHZ BT 4.144 meg/L TH Y | IBAKREHZ B W TRz
DT NHY =T 4 BlEOMHEORZ R LTz, BT i =7 ¢ LB CHIE
U727k, pH 225 HCOz, COs* R, HRAKREHZBWTIZEr b L 13mo
TR IR TIET VB Y =T ¢ L [RFREO 4.088 mmol/L Th 5 LEtR Iz
(Table. 2-1), Hilti HUIZIHWTHZDMEMIZED S22 o 7205, WIKIZEBIT D
TFI Y =T 4 )5 Bat IZHA~HEXTAIIC & <. 5.923-6.874 meg/L &R LT,

PbXY &7 vh Y RI% Ca-OH 35 L UNNa-Cl % EIZIEAF L7238 T KE TH Y |
ZNHIEFBEFORE AR onsbD L —H L TnD, KIFFRORLETH DIRRAK
M, GG TRET DAY MRMEINGOKE EFHLEIL THWDH DT, 55T
ZUIDRIRET T e I EETHLDEERX DL ENTED,

232 BSFEUEEY

Bat CHRELL 7LD XRD 7'v 7 7 A /L% Fig. 2-4 12~ LTz, SEMAHIZE DR
BHZBWTH T 7354 EBRERGTHY, WA MI—HOREIZBNTE
DL HER S 7= (Table. 2-2), 77 3+ A &IV A MRS n2ne—7

13



D55, Bat-P2 OAXA FEIZHERS S5 B — 7 IXBEAEOWIIE THE 23 & 2 IR K Ik
¥ (LDH) @ 003 K3 (d=0.781nm) Th o7z, ZDF 177 A /L%, LDH IZ
K772 006, 012 S & E N ENRERR S iviz, 7272 L, BBHZ X 0 2 ORI E D
FETREDFELMHERINZ, E5ICBat-P2 IZBWTEI T A—H A DO E—7 bR
STz,

Hilti CTEREL L 7270 D XRD /3% — > % Fig. 2-5 |28 L7z, $EFR1E & OREHT
BWTHET 7374 RBEKRDTTHY ., VA MI—HOREHF BN TEDAE
AR S D, Z O, Bat & [FIEETH 7273, Bat & OFEWI T L—H A |

WZIRR SN D B — 7 DR S/ 2 & Th - 7-(Table. 2-2),

233 HBIHEMER

WIZ, Bat HUEIZ I TEREL S AU IR K &K &2 T3 L 72 & R SEBR C15F
O IR ORI DWW TR 5,

RGO MIERICBVTIL, R1S9, R2S8, R3S7, R4S6. R5S5, R6S4 DE:ff(C
BWCIBY QLR MR S HL, R7S3, R8S2 @ X 5K DOEIE DS A AU &
WEBHZ B W TR, RUSKE TS, Bés FENIZ BIZR X 2L O A sl TR &
o,

2 HEDORE TR BB D XRD 734 — > Y% Fig. 2-6 (2”9, LB HIC

Bat CERHEX L 72 LB(Fig. 2-4) & RIERIC, 77 2 A ~. %A &, LDH 23R
EN7-(Fig. 2-6), F£7-. R5S5 LT R6S4 DM TIL, AR L 7= LB s I 5 1 Hkr
T, [EIFFICE > TWDHIREETH o722, Bl TORL IR TlT LA LT
THEELTZT, 2REORUINEETH 72, #IKOEE) 40 %& 725 £ Tl
LDH & LA R OERPHERE S, 60 %E 725 T, BICRZ CIEBRT512E
DOULERY 3 HERD S AL, By TERER L 723kt & [RIBRT 7 2 F A RSB TH - 72,

14



48 IRFfH] & W O BOGSRFM 2 #Ch . Bat THHR L 72 ibBcaltl & Ak, 7 v—H A k
DAERUNTHERS S L2 Do T,
L) DA S HERR S 7= R1S9, R2S8, R3S7, R4S6, R5S5, R6S4 04532k k(4
2B 5 EEILE OB A R ERRA% DR E % Fig. 2-7 12~ T, Fig. 2-7 IZ8BV\ T,
SSRRIEL 1K (Bat-W1), JEIR /K (Bat-W2) D "k 4y & FTE DEIA TIRA L= &M
UL Z . ML FEBR S (R1S9~R8S2) CHLG A B TSR L 7= I8 iR 2 I E L
T2 (Table. 2-1)Z/RLTW5, OF V., ZOENEMARICHE SNT-&LED
BEERD,
Na(Fig. 2-7 (2)) & K (Fig. 2-7 (b))IZ A R EER AR %210 U TE OEEDSHER I 780
720 TNIKDRAEIA PMENEMIZE T AI(Fig. 2-7 @)ITZDOWHENEE TH Y |
Z DML Mg(Fig. 2-7 (c)), Si(Fig. 2-7 () T [AEETdH > 7=, —F7 T, Ca(Fig. 2-7 (d))
IR LTEOHE DR I, FIIKEIG 25 30~60 % TOHE R RE NI LA

RO b,
2.4 B

241 LDHOF¥394Y€—3>

LDH (Xf2A A ZBRICEETE 5 Z &b, MEHEFRREL TSIV T,
JRSWFFEES N TN DI TH D, LDH IZRARICTHEHNRFRD b, R TS
TWDbDOLSMNI G, a5 2258 RHEAE DR D ERBRA A
(Ko TERARTEN GRS TN D

Bat TERHX L 72 LDHAHIS KL O'Bat TEIG AL L 723BHT I8 1T % 003 1 S O &

Fig. 2-4 3B L OVFig. 2-6 IR L7c KO WZHRBHZ L W ZE X H D, 216 DK LE IS
LDH @ Mg/Al HAZ X W B72 2 Z ERME STV D 7, Eo, RERREIZRE VT

LDH OEMEA AN —kkTH D EITR 5T, FTOREMEEA 4 L FOEVIZ L DK

15



FHLE DD Morimoto et al. (2012)™ Miyata (1983) Iz L W #HE SN TV 5,
LLEDNS . ARWFFES A MTEIT S LDH DI FHRUICEE R H D b D EEX BN D,
Bat-P2 THLH L 7o PR BT 3 L T3 L 72 EPMA 73412 X 5 & Mg & Al D55
N —BT B E TR S 4L, AFRAMIEIC AT % LDH X, Mg-AlZTHDH Z &
D3RI X 7= (Fig. 2-8), Zauik, IRERAK L HFKOILFEFRR & B A R ERRIC IS 1T
% Mg (Fig. 2-7 (c)) & AL (Fig. 2-7 (e)) DIHEMNL L3FF SN D, S HIT Mg & Al 4y
FTxr LTl Cl BRI, Si SR IIC—Ed 5 Z & @l S 7= (Fig. 2-8).
% Z°C. LDH fHIZx4 % EPMA IZ L D Roptrz i L, JE 2Rk 2 Mg/Al &L
RERIEA 4 U EIZHOWTEL LT-(Fig. 2-8 (a)), £9°. LDH @ Mg/Al tbix Eif T
BREL L 72 IR AIC BV T 4 FEE TH 2 F iR S 7z (Table. 2-3) , Wiz, &M D
P A A DORERIZDUNT, LDH Tkt L CHENE L 72 EPMA 12 K 5 Rt R b B4
Do

WM OFERNSG . LDHATIE~ v B 7 TR S 7z Si, CL 7217 T2 <. S,P D
TR IR FE AR 31T DR X 0 BAXIBNC @ o T, MO pH &8T5
& .S042 B L O HPOs & L CLDHERICE D IAFENTHFIEL TV D ERB I LT,
FRIZ PICBEL T, WIRPICB D TIMERA ThH LI bbb 63, Bk TZo
DAAPER SN Z LN BIEFITEHWVIEREEZ RO EEZ D, ZHUE Morimoto
et al. (2012)WIZFEH DO H D P OERMEDFEIR & b —Ed 5, SO Cl-IZBH L T
H LDHJERICA » F =B L — F 52 nEbLNTEY ., BIEMERE FT 5,
SHCBI L TiE, SEFRAERICH S L CWD RN B 5, Si DR A MAL L THRE
PR HIEEWE & LT, L 0aHili EHbEHEELEX LD C-S-HABITHND
M, BlEEIIE XRD ¥ — DR BEN D E— 2 1T bz o 7z, Table. 2-4
(ZUL BB TR L 72 8RR 0 B R MR S T2 S O St s & o~ 4, BafnFEsx
HELYD, WTROREHIBW T e 5 CalSi thd C-S-H 2kt L CREfITH 5
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Z L, C-S-HAERDAREMEIZFRINCE D, Si AEFE Tl RABICAEET D72
SIE, WAL Y EEAMEFRIT HSIOs &7 Z Enh, Si idEA A & LT
LDH OERICA > X —HL—hLTWD EE 2T,

LDH JEf~® Si DA > % —H L — Ml & L TiE, AR Mg-Al 2D LDH 123517
% JEMEA A NOs & DR B3 FEARJE A Ni-Al 2D LDH (23317 2 Rz A 4
Y COZ DL WPRMEINTNDZ EnD, FESZEXITBRICA V¥ —
AL—hFSNDAREMEDN D D,

Fig. 2-8(a)IZ/~ L7z LDH #H~D 54226, LDHFHIC I 5 Mg/Al HhiZ 4-5 FREE TH
% Z RS (Table. 2-3), E£72. AR OHEHTHER (Fig. 2-8) b, faA A&
LCA v H—HL—rT5HLEZHNTSICLS,PO&KITLHEIL ZNZEILHSIOs, CI,
SO4*, HPO4* THAIET 2 LRE L. HE/rE % Table. 2-3 Ik & 7z, EPMAIZ LD
JLE~ v BT ORER(Fig. 2-8) L [RIEE. Si & CI N EEREA AL D 2 ENURE
iz, —FH T, LDH DOfEA 4231 R 23 Mg KEREWE~D Al DEHLIZ LD
AT D LIRET D & BA A 2 fiss 813 Table. 2-3 1279 Al DE /LI &
[FSFIC72 5, BRIZBWTIE, ALICKHLTRAF LV OEDRARE L TND Z L3R
Ehb, RATORLIEN H H MgAl £ LDH & L T, CO& & »
Hydrotalcite(MgsAl2(CO3)(OH)16°4(H20)) & . OH LD Meixnelite 288 5, RIREREE T
I%. Hydrotalcite D FEH OMENZVIN, B A L MrEHICB W TIIKRFERY & LT
Mg-Al-OH % LDH O #RE SH TS B, 2 6 DA A IR A R D
AR RICBIT 2BERE N LD, mR L K D 22t A b o4 A
STWLHEEZIBND,

242 LEXMIDHEREH
TREE, 70 ) RoOBHILLY EMlE . Tl ch 7 b U ROBHALNS
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H HFEEREE N BEN D LRI D Z LA TE RV (Fig. 2-3), EHAITRRD Hiu7aun
DX LR % AT 5 72 DI R KRR K EIRAET A HERSH H Z & &2RT,
Fio, THMTHHHRERBESBEND S LB Z AT 22 ENTE RV
IIRAKDOBHEDFIIK O E & g LT nad, AN BB D EIREK
IZH O DIRBAKOEIGIIEL b0 b e IND, DE D RRAKDHIIKIZ X
HARD D H—ELL R0 D L IRBI N E RS AT S 72 < D Teb B2 B
b, Fio, BIGEHRERICBWTHIRAEIAICE > THICHEROMHE R ED Z &N
DNy B O AE DT RIS D ECEERNT- L85 BN D,
B TR B D ILEM O XRD 73 % — L (Fig. 2-4 Fig. 2-5) X 0 ERRARO L=
N A "eTT7aFA MIBALTE, 77304 RO A XD BEST, £
DR THINAYA FOEFIIT VIV REICORMER SN, TT7IAFA D
VYA NMIFESZIEORBRICH 20, FiIRTOZI D OERIZIZRHE T OWEGFA 4
YOFENPRELSEEZRITTZENRENTND, ZOHFTH Mg¥DFIEIZZE
5OAERIZIRS AL, Mg>ORENE T IUX I VYA FOERNIHI S, 77
IS A FEEICERSEDLZENMOLNTND O, ZoZ &b, WIKRE R
AL TWAHHETIE MgZOERICE YD 77 25 A BMBEMICAER L TS LE
bbb,
Mg & Al DJEREKIRIEY T % LDH OERKIT, i Al EEDE W E T LA Y
IR(FI 2 1E Bat HUIR)DEE H L OISR SNz, 72 Al BESHERHICE o 72
Hilti (2R W TIET v —H A b OAERDHER STz, LDH & 7 v —H A DA S T
IV U RIS WS AT 2SR E & Tz, Bat 1I238 W Tk, Mg 84 & L C. LDH,
T—H A FEIFIZREEN TH D Z L AR S ve—J7 . Hilti iIZk W T T r—
A FOFRITHKE L TRAIFI TH - 7=(Table. 2-4), ZuiE Hilti Ml OIER AN Al 12K
Z L TWD s & HEZET X S (Table. 2-1), ¥ 27 14 I (Magnesite, MgCO3)X> K 2+
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4 | (Dolomite, CaMg(COa)2)IZ B L T b il faFn T 5 73, LDH O fFEE D RO T
<. Mg DZEME L TESETH D LE X HILD(Table. 2-4),

FRO IS, mT A Y ROFBEEFATTITIR, BRI S 72 DI D Rk
LTHEY ., EOAEBITIIIIK L IRRKDESEIG K ORRKOKEIEfEL TS
ZENRBEENSD,

243 RBEETIVIICEDETILAY RBEDOEBEMERD S

RO L 5T, FRAEMEIZIB VTR, BIRAK LIRS KOBESRIG & KEITEKAFAL T
A DRE SN TWD ZE R LN E o7, £ 2T, AU & HE LSy

F 2 T AT e ZRGE EALEMT 272 01iE, IRRK &K O R 2 b sy
ELIZIRGET NGO T —Z X=XV | (B OAERNRITRETH 50>
EHERTOMENR DD, £ T, IREET MK DIREM AR 2 RILT 2 sk
F7 U/ a— K& LTPHREEQCY % i\, B2 SN 7= LB DL 5 A
L ATRE DG D A i~ T

(1) EEETIVOHMHE
ARWFFED T VA1V A TR LT RAKDRIIIK EIREG L. BEHICKIRT 57z
D, EYOAMRITBEEHLANOE A= FLVETTLIED AR, ZOX
5 RBIG ORISR TIEHASEE OB OGBE E TN D B2 b,
BRI TR A R SOG EE & T D L HEER S, ERGHEE O \WEMIEZ O
AERDBHEIRISNTWD bDLESND, E6IC, BIGOBIE/RENS, Llo X
I MFIZ E D AEROIHIMN IS A MBI L TEB 2 N0, ZOAEREITT
T AT A MIERRENTHD Z &b, 22 TRTIEBYMOLERET VICIBNT
IX. CaCOsfliz 7 7 2 A MIfRFEEHD,
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o, SERICEH G LW RO SR A RIS 5720, LDH FHOAR & A 4 %2
WAHAT 52 LT 2, BEEAIE., BUSTARERZITV., WK TOILHRRE
EHAG L& TH D, RISI 76 R8S2 D 8 &efbd L. SGobn - RABBAKE
BROFER & T 5,

(2) ZAERRILMIE DO RHERE
ERE TRT D8I XRD IC L B R SN T —Y A T T IF A b,
LDH Z5%E L7z, TN HDOT—Z X, T VEBREICB T 28 OERE TR 5
DIZEF@TH D7 T v AHME AT (BRGM) NERL L 728 )57 — & _— R
(Thermoddem v1.10) V% F\ 7= (Table. 2-5),
LDHARICBAL CTik, ik L7cF ¥y 77 2 U B —2 3 VORERZKBEL LU T OEE
#{T>72, Thermoddem 7 — & ~_X— & NIHFF I T D LDH OB =T — X 1%,
2HBERINTEY , ZNENEMDORRA A DB OHD LD & COZDEIC/R D, &
D EWISGENEB 2 BN DY A MZIBWTOHEIO LDH Dfafufifim< 7> T b
Z & (Table. 2-4) 7>&, LDH AERAHIE Mg-Al 52D OH B! LDH (ZfRFESHDH & L LT,
L L, B2 5 FHICONT T ORI % COs? DIRFEDARIINC EHT 2 Z & |
Mg-Al-LDH D JERfEA A2 & L TILOHIZxT 2 COZ DIRIRMEGED 2 & 2|
FEEEOBREETIX, ARk L7- LDH ORI O—E1%, COFIZR>TWHEBXHLND,
OHBID ALl & ZTxt T DRaA A L 28T KD COF DA AR ET D Z &3,
EBROREICAI LI RBUZ2 D B 2T,
F 72, Thermoddem (ZFCHLD & 5 LDH FHIL Mg/AL Ltbin 2 g o7 D TH D, LinL
PRI G ARWFFEY A MZEI D LDHAHIE Mg/AL Fh2d 4 28 2 % = & (Table. 2-3) 75,
INHERITAMENRSH D, Myers et al. (2005)'7(ZFE# D& 5 LDH AH1% OH-7

D Mg/Al LEN 722 3FE D0 L7225 TEY . LV IEWMg/AL thE HR—L T D
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(Table. 2-5), DA EAs& . Mg/Al % 2-4 £ TH A= L= BB S)%T — & 2 H
TAHZ LI LT,

() A A URHAREL L UORBY A FORE

A F BRI B L C ., Miyata et al. (1983)'2Cli, Mg-Al-NO3 LDH ~® OH-, Cl-,
COs%, SOZZ L Z 0D Gaines-Thomas AL N EBRIC L W HIE SN T\ 5D, Fiz.
Goh and Lim (2010)®) T, Mg-Al & LDH OBAEREE T TOA XU faA 4 DR
PE23 NOs < HSiOs™ < SO4* < CO3? < HoPOs LR STV 5, LLEM B OH', CIY, COs%,
SOZ D3ERAREIE Miyata (1983)12 1 1V 1.42, 0.263, 1.84, 1.39 2 TN ZFN/XT A —H
— & LT 5, E7-. HSIOs O&IREREIL Goh and Lim (2010)1C/r S 4172 NOg”
BEOS0Z L DBRND 1.2 LARE LTz, S BT, HPOs DIEFUREIL, WK DT
— A DBELZRNZ & EPMAIC K D Wb A 2 —0 L— FEPIREN TH
2722 L (Table. 2-3)7 B Z 5 2 FFHH 2 B ITBRS LT,

Table. 2-5 [ZFC#i > Mg-Al-OH LDH tH DA & . Imol DAk LDH FHIZ % L
T 2mol YEDfEA AUt A M2 5252 L& L, 723, LDH HOAERYIH
IEETIIRHY A MIETOHTHASNTWD & L, SEMARE O & 21 4
VBRI O AT 2 3R LT,

(4) SRR DRE

Bat IZIBITDIRAET Vv 72 F T 5, LDH AHDIREMIE ST A —Z —2{FIEL
RN & RS, BIGARIERIT 25 CREDER CTORISEFEMLIZZ b, £
NENDI T & IRA L, WEE 25CICAT A REE5HZ & T, FET V%2 E
L7,

7272 Uy TKEEERER U 72 R EE DM < R EEZRKIZ K D pH OZKIEIRERI & B 2 6
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MDD, BRAKICELTIEZED pH @<, ERREWEZEZ NS, T

=7 4 TERED pH #2512, KR 25°C, pH X 11.25 LRE LT,

(6) BREETIVVZICLDULBMERLZTRICBITIHEERL DK

AR DR ESRMEIT LV 15D NTIRA IR DF ILRIRE % Fig. 2-7T IZE B TRL
oo HERD7Z0IT, BUISTHRILZREHI BT 2 KIRE SO TFry L, 72
BORAEIA ITHGRBGR & SRy (AR E L ONREANC I T 5 Na 2 v
AN ORE LT,

Ca RIEICEAL TiX, ZOWHEENET LV THRERIKRBEINTWHZ &b,
BGA R ERD 48 B CHEAR M ZITV RREIZE L T D 2 & 23R & iz (Fig.
2-7 (d))e — 5 C, BUGCEEL L 723 0E CIXZ ORE DBV BIREN THH Z &b,
B COWRBM AN EZ PRI D ITITEERLEA L, DA M EOTAERE
TIVEREGET DL BEMEN D TR STz,

Al JEEEIZE L Cid, LDH FHDOILENC X D1 E D3R S 7= (Fig. 2-7 ()., THE IR
RARDOHIH pH IZBUR TH 5 2 & D3R S CHTRAHIEGOEHETHL LWV D
Z LR STz, LDH FHDARRIZ 7 b —H A F DR ZIHEI L TV D v ) BigR
fE A Bat HUBIZ 35 1T D BEGAEI D D/ LN TND Z &2 | LDH Apa 7 07
DA ERRRICB T D pHZ EHEICHEL Z ENEETH DL Z LR INT,

Mg IEEEIZBI L CTlEL, LDH OB X D {EE D EIICTH S e, BlGa
IR TR LN R EZ TSI T 2 b DO TRrolclod, 7—H A Mgk
HR LA bet L= (Fig. 2-7 (¢)), 7 /V—3 A hDAERKIL XRD TIIfEss T& 72
Mo Ty, ERETFR LTcHaiid, EROMEMICL v iEVETHI I Z &
Mo, T—H A N OEREEE) &L T A RGE DFEED R S U7,

%2 STIBREEIZBI LU CIX NOs IZx 3% HSIOs DFEA A > et % 1.2 15 3.0
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FORELIZE A, KHREE 3.0 & LIEBEICHERLS ZOWEEZHAT L Z
EMTE(Fig. 2-7 ())e LA L7eD 5, AZHLREN 3.0 &9 DIF, BHURES &
WE IS COZ EHARTHMD TEWZ &6, Sild LDH M2 TIHE & T
LOTIER L MOAERMIZBNTHIHEE SN TWDATEEMELRZE 2 i,

Mg & Si IZBIT 2RSSR S . 2 OB 23T 2064 & U TR E 7 A R
ThDH~T I LYY r— hKFI(M-S-H)IZ DWW THiE L 72, Neid et al. (2016)°)
TIZ. M-S-H #i & L T M3SsHs 33 & O M3SzHs (M=MgO, S=Si0, H=H.0)?® 20°CIZ 35
T OEMENEH STV D, 2T, MsSsHs 3 LY M3SoHs [ZJEEL L7285 & L
T Talc & Chrysotile 22 F %€ L. Additive Method??(Z L ¥ 25°Ciz 81T 5 -y
TER A L LTz (Table. 2-5), fafnfi Gt A L W 2 TOREHIIB W T, M3SHs 36 KT
M3SsHs (2% L Cilafn Cdh > 72, Mg B L O Si OWHEICEH L CRidkdE7 Y /T

TFANTE WS NH D2 Enb, 2O OIEEEMRMNAERM L TV D ATEEMED
R X T,

25 R

TS PEBE R DMLy 5 5 i LT- T T = 7 07 u ZBRERICE T D IRRK - )l
K - IR DA A TR L. RE ORI K E B2 2R AT LT,
—DFIRIRAKDERLTH Y | & 5 —DITIRIRAKASDWNIKDIREFE TH -7,
S PEREFEM ALy 5 D pH BREE T CARDB TRIND FERFIM TH D 7 —
A & LDH 23, ZNZIE D A MW THERE S L7z, LDH DA RS S
oA R T, Z—% A MZELThRaM Tho7ony, ZOAERRIIMR IR
Dole, AU, —ED Al EENEFEL TV ABREETIE, Mg OiE%E & L <. LDH
MTN—HA FLYBEBERATHDLE WD ZERPLNERoT, Zhid, BAF
VRHHEE B D LDH O T DRMENIEN D Z L BT D72, Wi L&
HIRHMRTH D,
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F7o, AR LTz LDH MDA F WA M E2RET HZ LT, Bz F 0
JEE~DA 2 —T b —a U EFHE L, ZORE. Si OBIURENIET @D
TENMBIIRD T ENG, FOWELE LTL, WA Gl Th s 2 &
SRR S 4L72 Mg & Si DIFEENE R FL) Tl 2 MSH DA D ATRENE & 7RI 72,
TN T SRR DOERIZE LTI, 77 3574 FOERN BRI TH 72728,
AR TIE, I A D OERRE BRI LT ST T /S L0 2 OEREE T
U=, RBW—8E R LTz, AV A MERD Mg OFREEIZ X0 3 EFRAYIC
P S TWDHOTHIUE, Eilkd LDH & 7 v—H% 1 b, S HIZ1F MSH OAKIZ
X5 Mg OEEOFLHEN LD EfEICRD Z LT, Mg IBEEZ /T A —4—L 1L THh
WA NET T AT A NGOl T NNREBEO LR A2 HEmICRELT 5 2
ENRFREE B BND,
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Table. 2-1 Chemical composition of spring and river water collected at Bat and Hilti sampling sites, and supernatant water after on-site

experiments. All concentrations in mmol/L except where indicated.

Sample  Water t pH EC ORP Alkalinity  Na K Mg Ca Al SiOz(aq) CI SO NOs DICT
Name Type* (°C) (mS/cm) (mV)  (meg/L) (umol/L)
Batl 272  8.59 0597 225 414 0.80 0.046 2.25 0.46 b.d.l. 0271 131 0505 0.164 4.09
Bat2 S 37.8 11.08 1.062 -840 271 335 0115 0.001 1.24 22.0 0.034 484 0.003 b.d.l 0
Bat3 M 37.1 10.85 0.996 -465 299 327 0117 0.054 1.20 20.0 na. 479 0.026 bdl 112
Bat4 M 36.3 11.13 1.022 -420 263 327 0118 0.036 1.23 20.8 0.039 485 0.014 0.037 0.62
Bat5 M 31.6 11.07 na. -291 264 297 0.105 0.24 1.07 1.9 0.069 429 0105 0.021 1.17
Bat6 M 247  9.99 0.621 -110 270 227 0.086 0.95 0.78 8.7 0.133 345 0.257 0.056 1.98
Bat7 M 23.4  9.09 0.596 58 356 154 0.064 1.67 0.64 4.1 0.192 251 0380 0.101 314
Bat8 M 23.1 842 na. na. 380 131 0.058 1.93 0.55 b.d.l. 0.247 210 0520 0112 374
Hiltil R 206  8.46 0.694 196 6.87 0.92 0.050 2.87 0.50 b.d.l. na. 135 0435 0123 6.76
Hilti2 S 25.2 1155 1.145 -497 337 430 0135 0.023 1.18 2.2 na. 525 0.011 0.005 0
Hilti3 S 26.4 11.62 1195 -175 na. 416 0133 0.036 1.27 b.d.l. na. 521 0.010 0.002 n.a.
Hilti4 M 26.9 10.07 0.643 58 3.14 271 0.095 1.19 0.29 b.d.l. na. 352 0200 0.046 2.01
Hilti5 M 26.2 10.06 0.646 80 352 301 0.101 1.00 0.42 b.d.l. na. 379 0172 0039 218
Hilti6 M 27.8 10.48 0.677 14 342 269 0.092 1.26 0.37 b.d.l. na. 345 0211 0049 225
Hilti7 M 26.0 10.00 0.660 25 451 263 0.094 1.23 0.35 b.d.l. na. 346 0215 0.095 3.13
R1S9 E n.a. n.a. n.a. n.a. na. 3.03 0111 0.072 0.70 b.d.l 0.045 n.a. n.a. n.a. n.a.
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R2S8
R3S7
R4S6
R5S5
R6S4
R7S3
R8S2

m m m m m m m

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

1.77
2.02
2.26
2.55
2.81
3.09
1.81

0.074
0.082
0.088
0.096
0.110
0.112
0.074

1.34
1.11
0.84
0.53
0.26
0.065
1.34

0.15
0.089
0.078

0.11

0.40

0.77

0.13

b.d.l.
b.d.l.
b.d.l.
9.6
8.3
6.0
3.9

0.175
0.152
0.123
0.088
0.059
0.044
0.174

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

* R: River, S: Spring, M: Mixing. E: on-site Experiment. n.a.: not analyzed. b.d.l.: below detection limit. ¥ DIC concentration are calculated

from alkalinity, initial pH and temperature of the solution.
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Table. 2-2 XRD identification of the minerals in the white precipitates collected at Bat and Hilti sampling sites and in the synthesized

precipitates.
) . Sample Name Mineral components
Sampling Points — - - -
water  precipitates Aragonite  Calcite LDH Brucite
Bat w1 n.a. n.a. n.a. n.a.
W2 P2 +++ +++ ++ -
W3 P3 +++ +++ ++ —
W4 P4 +++ ++ + —
W5 P5 +++ +++ ++ —
W6 P6 +++ - - -
w7 n.a. n.a. n.a. n.a.
W8 n.a. n.a. n.a. n.a.
Hilti w1 n.a. n.a. n.a. n.a.
W2 P2 +++ + — +
W3 P3 +++ ++ — +
W4 P4 +++ - - -
W5 P5 +++ + - -
W6 P6 +++ - - -
W7 P7 +++ + - -
Sample Name
On-sight R1S9 +++ + ++ -
experiments R2S8 +++ + ++ —
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R3S7 +++ + ++

R4S6 +++ + ++
R5S5 o - -
R6S4 +++ - -

Notation: +++: major, ++: medium, +: minor. —: not present. n.a.: not analyzed.
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Table. 2-3 Molar ratio of Mg and Al and equivalent fraction of each anion in LDH phase by EPMA.

Point Molar ratio * Equivalent fraction *
number * Mg Al Mg/Al HSiOs Cl S04 HPO4% Total
1 0.828 0.172 4.8 0.064 0.051 0.001 0.007 0.123
2 0.819 0.181 4.5 0.044 0.037 0.002 0.006 0.089
3 0.805 0.195 4.1 0.029 0.047 0.001 0 0.077
4 0.806 0.194 4.2 0.046 0.056 0.003 0.006 0.111

* Point number as shown in Fig 8(a).

¥ Molar ratios are normalized to Mg + Al =1.
* Equivalent fraction are calculated by described chemical species and normalized by Mg + Al =1.
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Table. 2-4 Saturation indices of Spring, River and mixed water.

Batl Bat2 Bat3 Bat4 Bat5 Bat6 Bat7 Bat8 Hiltil Hilti2 Hilti3 Hilti4 Hilti5 Hilti6 Hilti7
Calcite 075 su. 187 167 183 164 117 058 075 su. su 128 145 150 145
Aragonite 059 su 170 150 166 148 100 041 0.59 S.u. s.u. 111 129 133 1.28
Magnesite(Natur) 191 su. 104 056 165 222 203 156 1.93 s.u. s.u. 240 234 257 251
Dolomite 239 su. 264 196 322 359 293 18 241 su. su. 341 352 379 3.69
CSH(0.8) s.u. -144  su. -146 -141 -211 su. s s.u. s.u. s.u. s.u. s.u. s.u. s.u.
CSH(1.2) s.u. -1.77 su. -1.83 -198 su.  su. s s.u. s.u. s.u. s.u. s.u. s.u. s.u.
CSH(1.6) s.u. -252 su. -262 -299 su.  suU. S s.u. s.u. s.u. s.u. s.u. s.u. s.u.
Brucite 264 -072 074 105 147 -044 -203 s.u. su. 101 137 -006 -0.21 0.77 -0.29
Hydrotalcite s.u. 428 10.60 11.41 1176 854 348 s.u. s.u.  9.94 s.u. s.u. s.u. s.u. s.u.
Hydrotalcite(CO3) s.u.  s.u. 809 810 900 804 436 @ s.u. s.u. s.u. s.u. s.u. s.u. s.u. s.u.
M4AH10 s.u. -127 501 578 587 221 -292 S.u. s.u.  3.65 S.uU. S.u. S.u. S.uU. S.u.
M6AH12 s.u. -227 694 834 930 1.87 S.u. S.u. s.u. 6.20 S.uU. S.u. S.u. S.uU. S.u.
M8AH14 S.u. s.u. 8.87 1090 12.73 1.52 S.u. S.u. s.u. 875 S.u. S.u. S.u. S.u. S.u.
M3S4H5 260 -1.33 s.u. 413 695 643 366 049 S.u. S.u. S.u. S.u. S.u. S.u. S.u.
M3S2H5 -0.71  0.15 s.u. 554 761 451 075 -2.76 S.u. S.u. S.u. S.u. S.u. S.u. S.u.

R1S9 R2S8 R3S7 R4S6 R5S5 R6S4 R7S3 R8S2
Calcite 146 168 174 171 163 153 140 124
Aragonite 130 151 157 154 147 136 124 1.08
Magnesite(Natur) 114 173 204 218 224 225 223 217
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Dolomite 234 314 351 362 360 351 336 3.15

CSH(0.8) -140 -1.47 -164 -189 -213 -2.37 -2.62 -2.90
CSH(1.2) 205 -233 -279 -335 su.  sU. SU. S
CSH(1.6) -3.14 s S.u. S.u. S.u. S.u. S.u. S.u.
Brucite 116 100 052 -0.09 -059 -100 -1.37 -175
Hydrotalcite 13.40 13.13 1175 991 834 7.01 572 430
Hydrotalcite(CO3) 10.24 10.72 10.12 9.04 8.03 7.12 6.18 5.08
M4AH10 710 6.83 545 361 204 071 -058 -2.00
M6AH12 995 937 703 397 139 -0.76 -2.80 -4.97
M8AH14 1280 1191 861 432 074 -223 -501 s.u.
M3S4H5 6.10 7.09 726 694 649 599 541 4.68
M3S2H5 6.75 7.01 638 530 432 345 260 1.68

Note that concentrations of HCO3~ and CO3%~ were calculated from alkalinity, pH and temperature. s.u.: Strongly undersaturated (SI < 3)
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Table. 2-5 Phases, dissolution reactions and log equilibrium constants, Keq of solid phases at 25°C.

Phases Dissolution reaction Log Keq (25°C)  Ref.
Phases and reaction in Thermoddem database *

Calcite CaCO; + H* = HCO;5 + Ca?* 1.847 (1)
Aragonite CaCO; + H* = HCO5 + Ca? 2.014 @
Magnesite(Natur) MgCOs + H* = HCOs + Mg?* 1.415 @
Dolomite CaMg(COs)2 + 2H* = 2HCO; + Ca?* + Mg?* 3533 (1)
CSHO0.8 CaosSi025-1.54H,0 + 1.6H" = 0.8Ca?" + H4SiO4 + 0.34H,0 11.050 (1)
CSH1.2 Ca12Si03,-2.06H,0 + 2.4H" = 1.2Ca%" + H4SiO4 + 1.26H,0 19.301 (1)
CSH1.6 Ca16Si036-2.58H,0 + 3.2H" = 1.6Ca?" + H4SiO4 + 2.18H,0 28.002 (1)
Brucite Mg(OH), + 2H* = Mg?* + 2H,0 17112 (1)
Hydrotalcite Mg:Al,07-10H,0 + 14H* = 2AIF* + 4Mg?" + 17H,0 73.757 (1)
Hydrotalcite(CO3)  MgsAlx(OH)12(CO3)-2H,0 + 13H* = 2AIF* + 2HCO5 + 4Mg?* + 14H,0 61.203 (1)
Mg-Al-OH-LDH

MaAH10 MgaAl2(OH)14-3H,0 + 10 H* = 4Mg?* + 2AP* + 15H,0 80.05  (2)
MsAH:2 MgsAlo(OH)1s-3H20 + 14 H* = 6Mg?* + 2AI* + 19H,0 11373 (3)
MsAH14 MggAlo(OH)22-3H20 + 18 H* = 8Mg?* + 2AI* + 23H,0 169.73  (3)
M-S-H

M3SsHs 3Mg0-4Si02'5H,0 + 6H* = 3Mg?* + 4H4SiO, 25.95%  (4)
M3S;Hs 3Mg0-2Si02'5H,0 + 6H* = 3Mg?* + 2H,Si04 + 4H,0 36.23%  (4)
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* Phases and reaction are used as in the description of Thermoddem database.
T Cement chemistry notation is used:M= MgO; A = Al,O3; S=SiOz; H = H20.
! Estimated log Keq at 25°C using talc and chrysotile as structural analogues for M3SsHs and M3sS;Hs, respectively, using additive methods

described in Helgeson et al. (1978).

References: (1) THERMODDEM (v1.10) (2) Allada et al. (2005), Richardson (2013), (3) Myers et al. (2015), (4) Nied et al. (2016).
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Fig. 2-1 Simplified geological map of the Oman ophiolite after Neal and Stanger (1985)9 and

the locations of Bat and Hilti sampling sites.
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Fig. 2-2 Upstream view of white precipitates caused by mixing of alkaline spring and river

water in the Bat wadi.
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Fig. 2-3 Photograph of specific sampling points in the Bat wadi. Bat-W1 (not shown) was

approximately 200m further upstream.
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Fig. 2-4 XRD patterns obtained of the white precipitates from Bat wadi.
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Fig. 2-5 XRD patterns of the white precipitates from Hilti wadi.
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Fig. 2-6 XRD patterns of white precipitates synthesized on site at Bat wadi after Matsubara
et al. (2012)%.
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Fig. 2-7 Relationship between the dissolved (a) Na, (b) K, (c) Mg, (d) Ca, (e) Al, (f) Si
concentrations and the volume fraction of river water in the samples before and after
precipitation from collected samples (open symbols) and on-site synthesis experiments solid
symbols). Volume fraction of collected samples assumed to follow linear correlation of Na
concentration. Dashed lines shows mechanical mixture of river (Bat-W1) and spring

(Bat-W2) water. Solid line shows calculated results (see text).
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Fig. 2-8 SEM images of the white precipitate samples from the Bat sampling site. (a) SE
image of LDH (left center) and aragonite (right) in the sample with compositional points 1-4
shown in Table 3, and elemental distribution maps for (b) Mg, (c) Ca, (d) Al (e) Si, and (f) Cl.
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Table. 3-1 Composition of synthetic C-S-H

Target Amount of staring materials () | Temperature (° | Pressure” Time
Sample

Ca/Si Ca(OH), SiO2 H20 C) (MPa) (hr)
C-S-H:0.6-50 0.6 170.1 229.9 1200 50 0.79 12
C-S-H:0.6-170 0.6 170.1 229.9 1200 170 0.79 2
C-S-H:0.83-RT 0.83 202.3 197.7 1200 RT 0.14 72
C-S-H:0.83-50 0.83 202.3 197.7 1200 50 0.14 12
C-S-H:0.83-80 0.83 202.3 197.7 1200 80 0.14 12
C-S-H:0.83-170 0.83 202.3 197.7 1200 110 (?) 0.14 35
Tobermorite 0.83 202.3 197.7 1200 180 1.00 8.5
C-S-H:1.0-50 1.0 220.9 179.1 1200 50 0.79 12
C-S-H:1.0-170 1.0 220.9 179.1 1200 170 0.79 2
C-S-H:1.4-50 14 ? ? 1200 50 0.79 12
C-S-H:1.5-170 15 259.6 140.4 1200 170 0.79 2

Pressure *: Saturation water vapor pressure in synthesis temperature
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Table. 3-2 List and Location of the samples

Minerals

Location

Country

Chabazite No.1

\Wasson's Bluff

Nova Scotia, Canada

Gismondine No. 2 Rio Pian del Foco, Tiglieto, Genova, Liguria Italy
Phillipsite No. 3

Palagonia, Catania, Sicily Italy
Tobermorite No. 4
Okenite No. 5 Khandivali Quarry, Mumbai, Maharashtra, India
Heulandite No. 6 Mt. Olladri, Monastir, Province of Cagliari, Sardinia, Italy Italy

Jennite No. 7

Crestmore quarries, Crestmore, Riverside Co.

California, USA

Heulandite No. 8

Bouillante, Guadeloupe

France
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JENNITE () Sies ) HEULANDITE (7)

Fig. 3-1 Photographs and microphotographs of natural samples of CSH and

zeolithes

Chabazite No.1 consist of sharp millimetric-sized orange to red plate
crystals — natural sample

Gismondine No.2 - natural sample

Gismondine No.2 occurs as acicular transparent crystals under the
microscope

Tobermorite No.4 occurs as microcristalline aggregates growing on

phillipsite No.3 — natural sample
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Phillipsite No.3 associated with tobermorite No.4 occurs as spheroidal
acicular crystals growing on a round nucleus under the microscope.
Fibrous mass of okenite No.5 on prehnite grains — natural sample

Okenite No.5 occurs as fibrous crystals under the microscope

Heulandite No.6 occurs as millimetre-sized euhedral transparent crystals —
natural sample

Massive jennite No.7 growing on greyish merwinite - natural sample
fibrous jennite No.7 under the microscope

Heulandite No.8 in replacement of plagioclase in volcanic rocks from
Bouillante (Guadeloupe) — natural sample

Heulandite No.8 separate under the microscope
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Intensity

Fig. 3-2 XRD patterns of C-S-H with variable Ca/Si ratios synthesized at 50°C.
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Fig. 3-3 XRD patterns of C-S-H with variable Ca/Si ratios synthesized at
170°C.
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Fig. 3-4 XRD patterns of C-S-H with a Ca/Si ratio of 0.83 synthesized at

variable temperatures ranging from ambient to 170°C.
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Fig. 3-5(a) photobraphs of plastic sample supported a scotch® tape attached the sample

thinly. (b) photograph of the detercter and sample holder. The up, down, right side of the
phote are correspond with the derection of incident X-ray, the detecter for transmission and

fluorecsence mode, respectively. The sample mount the center position in this photo.
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Fig. 3-6(a)Near-edge regions and (b) adsororption edge regions of the Ca K edge

XAFS spectra of the standard Ca-carbonates, sulfates and hydroxide.
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Fig. 3-7 The pattern fitting of Ca K-XANES spectra of precipitation sample and synthesized

calcite, aragonite, CSH synthesized in RT and 110°C as standard material
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LD EEZBILD, Na-ClHREIZ, @7 ATV RTRYERETHD, &7 L
Y RITZDOEB R TELERATE L L HR>TND b D EHERIS4L5H, Neal and
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Table. 4-1 Chemiacl compositions of spring and surface water.

mmol/I Bath-W1 Bath-W2 Bath-W3 Bath-W4 Bath-W5 Faydhl-w1 Faydh1-wW2 Faydh1-W3
Na 2.07E+00 3.80E+00 3.30E+00 1.81E+00 2.08E+00 1.68E+00 4.20E+00 3.45E+00
Mg 2.49E+00 6.75E-04 2.07E-01 2.05E+00 1.93E+00 2.06E+00 7.28E-04 5.13E-02
Al 1.81E-03 1.63E-02 1.71E-03 2.47E-03 3.60E-03 2.94E-03 1.80E-02 1.64E-03
K 4.64E-02 7.89E-02 6.81E-02 4.14E-02 4.72E-02 2.65E-02 7.70E-02 6.17E-02
Ca 4.92E-01 1.24E+00 3.89E-01 4.51E-01 1.41E-01 4.71E-01 1.19E+00 6.02E-01
Cr 1.26E-05 6.30E-06 5.48E-06 1.07E-05 1.02E-05 1.79E-05 4.65E-06 5.75E-06
Fe 9.38E-05 3.33E-04 6.60E-05 4.51E-05 0.00E+00 2.22E-05 2.79E-04 1.20E-04
Ni 1.34E-05 5.46E-06 5.72E-06 1.99E-05 1.15E-05 6.23E-06 3.42E-06 1.89E-06
Sr 3.27E-03 2.80E-03 1.17E-03 2.92E-03 7.78E-04 3.50E-03 3.14E-03 2.25E-03
| 1.31E-05 3.59E-05 2.48E-05 1.45E-05 1.48E-05 1.11E-05 2.19E-05 1.97E-05
mmol/l | Faydhl-W4 Faydh2-W1 Faydh2-W4 Faydh3-W1 Faydh3-W3 Faydh4-W1 Faydh4-W3
Na 3.90E+00 4.29E+00 2.37E+00 3.99E+00 2.40E+00 4.33E+00 2.92E+00
Mg 9.92E-02 0.00E+00 1.85E+00 7.10E-05 1.81E+00 7.62E-04 1.22E+00
Al 1.92E-03 2.01E-02 4.93E-03 1.82E-02 4.79E-03 1.94E-02 8.25E-03
K 7.20E-02 7.69E-02 3.95E-02 7.20E-02 4.00E-02 6.95E-02 5.03E-02
Ca 2.76E-01 1.16E+00 2.04E-01 1.13E+00 1.99E-01 1.05E+00 9.91E-02
Cr 3.00E-06 5.75E-06 1.15E-05 1.08E-06 2.17E-05 4.38E-06 9.88E-06
Fe 5.01E-05 3.04E-04 0.00E+00 2.80E-04 2.12E-05 2.96E-04 0.00E+00
Ni 1.38E-06 1.76E-06 4.95E-06 2.53E-06 6.10E-06 2.14E-06 3.42E-06
Sr 8.95E-04 3.01E-03 1.08E-03 2.98E-03 1.09E-03 3.10E-03 4.98E-04
| 3.11E-05 2.19E-05 1.46E-05 2.10E-05 1.32E-05 2.31E-05 1.69E-05
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Table. 4-2 Relationship between constituent minerals and iodine concentrations of each

precipitate.
precipitation constituent minerals I concentrations
samples Hydrotalcite Aragonite  Calcite pmol-1/kg-precipitation
Bath-P1 O O O 2.85
Bath-P2 O O O 2.56
Bath-P3 O O 2.00
Bath-P4 @) 7.12
Bath-P5 O 433
Faydh1-P1 O 1.27
Faydh1-P2 O 1.50
Faydh1-P3 O 8.19
Faydh2-P1 @) O O 3.60
Faydh2-P2 @) 9.05
Faydh3-P1 O O O 1.99
Faydh3-P2 @) 6.79
Faydh4-P1 O O O 0.92
Faydh4-P2 O 2.39
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Table. 4-3 Relationship between constituent minerals and Kd values of Si and I.

EER  aaMmmmol/L)  [RBERE oL

FRER i Mg Al Ca FRHRih R HTle [FI—Y4 +PS3TFH1 NhIYA+

P06Bath1-1 O

WO06Bath1 |7.77.E-04|2.01.E-02/1.21.E+00(P06Bath1-2

P06Bath1-3

W06Bath2 |2.22.E-01|6.96.E-03|1.24.E+00| PO6Bath2

W06Bath3 |2.25.E-02/2.02.E-02/1.22.E+00| P06Bath3

WO6Fizh1 |2.42.E-02/2.05.E-02/1.29.E+00| PO6Fizhl

0000000

WO6Fizh2 |5.09.E-03|1.41.E-02/1.17.E+00| PO6Fizh2

Oo|0

WO6Hilti1 |6.80.E-02|2.52.E-03|1.15.E+00| PO6Hilti1 O

000000000
O

WOG6Hilti2 |1.49.E+00|5.48.E-04|7.15.E-01| PO6Hilti2
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Fig. 4-2 pH of spring(o), surface(s) and these mixing water (e).

64



-200 O O

-500 0,

@&&&{g&&&&@&&&$&&§§§
) R R IR R )
S <z>"’ <z>° <2>° @Q@ Q@\ @A «® Q,,,A Q@\ @A ¢ Q@:\ Qqﬁ @* <« Q?ﬁ' Qer\

Fig. 4-3 Eh of spring(o), surface(e) and these mixing water (e).
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Fig. 4-4 Electrolic Conductivity of spring(c), surface(e) and these mixing

water (o).
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Fig. 4-5 Na(a), Mg(b), Al(c) concentration of spring(o), surface(s) and these

mixing water ().
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Fig. 4-6 K(a), Ca(b), Cr(c) concentration of spring(o), surface(e) and these

mixing water (e).
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Fig. 4-10 XRD Patterns of precipitate samples in wadi Bath.
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Fig. 4-11 XRD Patterns of precipitate samples in wadi Bath.
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Fig. 4-12 XRD Patterns of precipitate samples in wadi Faydhl.
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Fig. 4-13 XRD Patterns of precipitate samples in wadi Faydh2.
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Fig. 4-14 XRD Patterns of precipitate samples in wadi Faydh3.
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Fig. 4-15 XRD Patterns of precipitate samples in wadi Faydhd4.
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W DL EN T L I A F(CaCO3), WELEM THLHT 7 AT A MIERER
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TORIEEATR S, FTo, MEREHIBE L IR B i i (5-60ppm F2E) TH 572
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5.3.1 XRD#EE

T OO R DR O HIIERE D & ARk L 72 [EFH D XRD /X% — > % Fig. 5-1, Fig.
5-2 [T T, B SNT-AEREE T 5 & CatdiRIE I v A b Ca-Mg IEHRIZT
T A7 A NRENEFNHEMETER SN Z LR INT, E0a URREICBY
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Fio, FEMICHT 2 3 UEOIE RS Fig. 5-3 1R T, PIIERTICEGTT 5
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NRRELS EHLTWD Z ERERINT,

5.3.3 XAFS#EHR
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GURBOLD L —BT DAY MR SR 2Tz, T VRN ERSERZ
FERL L TV DAL, 33182 eV <0 33199 eV (Z1K85 7% ' — 7 M3 HERR S 415 73 (Tanida
etal. 2003), AFEITITRRO BN, U EOFER IV . 3 kA A3, R
ERIC L DI, KMUIREETH YA RBXOT 7 354 MIAMESE R E LT
HLTWDLZERHOLMNERST,
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JATHIZEL Y, I URLFEHO NS ThHEFE, 7 v #ES LI EREIT-
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(IHORHEENRE LS HEET L ENEZLND, ZOREREOFMIITE 2D
MR LETH 5,
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Table. 5-1 Composition of the initial solution in iodide coprecipitation experiment.

I” (ppm)
CaClz MgCl:
sample name initial mixing
(M) (M)
solution solution
Ca-Mg-1-50 0.1 0.3 100 50
Ca-1-50 0.4 100 50
Ca-Mg-1-100 0.1 0.3 200 100
Ca-1-100 0.4 200 100
Ca-Mg-1-500 0.1 0.3 1000 500
Ca-1-500 0.4 1000 500
Ca-Mg-1-1000 0.1 0.3 2000 1000
Ca-1-1000 0.4 2000 1000
Ca-Mg-1-5000 0.1 0.3 10000 5000
Ca-1-5000 0.4 10000 5000
Ca-Mg-1-10000 0.1 0.3 20000 10000
Ca-1-10000 0.4 20000 10000
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Fig. 5-1 XRD patterns of the precipitates from Ca-10s coprecipitation system
as a function of initial iodide concentrations. Initial iodide concentrations are

()50 ppm (b)100 ppm (c)500 ppm (d)1000 ppm (e)5000 ppm (f)10000 ppm. C

stands for calcite and V stands for vaterite.
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Fig. 5-2 XRD patterns of the precipitates from Ca-Mg-IOs coprecipitation
system as a function of initial iodide concentrations. Initial iodide
concentrations are (a)50 ppm (b)100 ppm (¢)500 ppm (d)1000 ppm (e)5000 ppm
(£)10000 ppm. A stands for aragonite M stands for monohydrocalcite
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Fig. 5-3 lodine concentration of the reacted sample in iodide coprecipitation

experiments as a function of initial iodide concentrations.
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Fig. 5-4 XANES spectra of the samples from iodide coprecipitation experiments and the
standard materials. (a) I0s solution (b)KIO3 (C)I' solution (d)KI (e)Ca-Mg-I-10000
(f)Ca-1-10000
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{18k PhreeqCIZ&KBRBEETILDRY )T+

TITLE oman on-sight mixing

SELECTED_OUTPUT
-file MixingModel.csv # file name
-reset false

-pH true

-pe true

-temperature true
-alkalinity true
-ionic_strength true
-charge_balance true
-percent_error true
-simulation true

-state true

-solution True
-totals Na K Mg Ca Sr Al Si C1 S(6) N(5) C(4) Xa Xb Xc

-molalities H+ Ca+2 Mg+2 Na+ K+ X ¥

OHXa ClXa CO3Xa2 SO4Xa2 HSiO3Xa ¥

OHXb C1Xb CO3Xb2 SO4Xb2 HSiO3Xb ¥

OHZXc ClXc CO3Xc2 SO4Xc2 HS103Xc ¥

Calcite # name defined in ... SPECIES

-activities Na+ K+ Mg+2 Ca+2 Sr+2 Al+3 Si(4)¥
X OHX CIX CO3X2 S04X2 HSi03X

-equilibrium_phases Aragonite Brucite Calcite¥
Gibbsite Gibbsite(am) Gibbsite(mc)¥
Hydrotalcite Hydrotalcite(CO3) Strontianite¥
M4AH10 M6AH12 M8AH14 M4AcH10 M6AcH13
-saturation_indices Aragonite Brucite Calcite¥
Gibbsite Gibbsite(am) Gibbsite(mc)¥
Hydrotalcite Hydrotalcite(CO3) Strontianite¥
M4AH10 M6AH12 M8AH14 M4AcH10 M6AcH13 Magnesite Dolomite M3S4H5 M3S2H5
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CSH(0.8) CSH(1.2) CSH(1.6)
-solid_solutions Aragonite Strontianite Ca(x)Sr(1-x)CO3

USER_PUNCH

-headings Total_mg Arg mg Str_mg Brc_mg M4AH10_mg M6AH12_mg M8AH14_mg ¥
Equi_OH Equi_Cl Equi_CO3 Equi_S0O4 Equi_HSi03 ¥

Efra_OH Efra_Cl Efra_CO3 Efra_S04 Efra_ HSiO3

-start

10 Str_mg = S_S("Strontianite") * 147.628 *1000

11 Arg mg = S_S("Aragonite")  * 100.086 *1000

21 M4AH10_mg = EQUI("M4AH10")  * 443.327 * 1000

22 M6AH12_mg = EQUI("M6AH12") * 559.965 *1000
23 M8AH14_mg = EQUI("M8AH14") * 676.603 *1000
30 Brc_mg = EQUI("Brucite") * 58.319 *1000

#31 M3S4H5_mg = EQUI("M3S4H5")  * 451.323 * 1000

#32 M3S2H5_mg = EQUI("M3S2H5")  * 331.155 * 1000

50 Total_mg =Arg _mg + Str_mg + Brc_mg + M8AH14_mg + M6AH12_mg + M4AH10_mg
51 Equi_OH = (mol("OHXa") + mol("OHXb") + mol("OHXc") ) *1
52 Equi_Cl = (mol("ClXa") + mol("C1Xb") + mol("ClXc") )*1

53 Equi_CO3 = (mol("CO3Xa2") + mol("CO3Xb2") + mol("CO3Xc2") )* 2
54 Equi_S04 = (mol("SO4Xa2") + mol("SO4Xb2") + mol("S04Xc2") ) * 2
55 Equi_HSi03 = ( mol("HSi03Xa") + mol("HSiO3Xb") + mol("HSiO3Xc") ) * 1
60 Equi_Tot = Equi_OH + Equi_Cl + Equi_CO3 + Equi_S0O4 + Equi_HSiO3

61 Efra_ OH = Equi_OH / Equi_Tot * 100

62 Efra_Cl = Equi_Cl / Equi_Tot * 100

63 Efra_C0O3 =Equi_CO3 /Equi_Tot* 100

64 Efra_S04 =Equi_SO4 /Equ_Tot * 100

65 Efra_HS103 = Equi_HSi103 / Equi_Tot * 100

70 PUNCH Total_mg Arg mg Str_mg Brc_mgM4AH10_mg M6AH12_mg M8AH14_mg ¥
Equi_OH Equi_Cl Equi_CO3 Equi_S04 Equi_HSi103 ¥
Efra_OH Efra_Cl Efra_CO3 Efra_S0O4 Efra HS103

-end

PHASES

Aragonite
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CaCO3 + 1.000H+ = 1.000HCO3- + 1.000Ca+2

log_k 2.014

delta_h -25.150  #kdJ/mol #87gar/par

-analytic -8.5903123E+2 -1.3909109E-1 4.7686355E+4 3.1246945E+2
-2.7210775E+6

#References = LogK/DGf: Calculated; DHf/DHr: 87gar/par; S°: 87gar/par; Cp:
87gar/par; V°: 78hel/del,82plu/bus;

Brucite
Mg(OH)2 + 2.000H+ = 1.000Mg+2 + 2.000H20

log_k 17.112

delta_h -114.518  #kdJ/mol #08bla

-analytic -3.5641806E+2 -5.3167432E-2 2.431794E+4 1.2873181E+2
-9.5287317E+5

#References = LogK/DGf: 08bla; DHf/DHr: 08bla; S°: Calculated; Cp: 95rob/hem; V°:
95rob/hem;

Calcite
CaCO3 + 1.000H+ = 1.000HCO3- + 1.000Ca+2

log_k 1.847

delta_h -25.325  #kdJ/mol #Calculated

-analytic  -8.5010157E+2 -1.3947146E-1 4.6881027E+4 3.0964897E+2
-2.6591521E+6

#References = LogK/DGf: 06bla/pia; DHf/DHr: Calculated; S°: 82plu/bus; Cp:
95rob/hem; V°: 78hel/del,82plu/bus;

CSH(0.8)
Ca0.85102.8:1.54H20 + 1.600H+ = 0.800Ca+2 + 1.000H4Si04 + 0.340H20

log k  11.050

delta_h -47.646 #kdJ/mol #10abla/bou

-analytic -2.5102745E+2 -3.6544966E-2 1.5560118E+4 9.2193131E+1
-6.5257653E+5

#References = LogK/DGf: 10abla/bou; DHf/DHr: 10abla/bou; SY—: Calculated; Cp:
10abla/bou; VJ-: 10abla/bou;

CSH(1.2)

Cal.28103.2:2.06H20 + 2.400H+ = 1.200Ca+2 + 1.000H4S104 + 1.260H20
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log_k 19.301

delta_h -88.600 #kd/mol #10abla/bou

-analytic -3.7203413E+2 -5.4157985E-2 2.3984521E+4 1.3655931E+2
-9.6618108E+5

#References = LogK/DGf: 10abla/bou; DHf/DHr: 10abla/bou; SV—: Calculated; Cp:
10abla/bou; VJ-: 10abla/bou;

CSH(1.6)
Cal.605103.6:2.58H20 + 3.200H+ = 1.600Ca+2 + 1.000H4Si04 + 2.180H20

log_k 28.002

delta_h -133.314 #kdJ/mol #10abla/bou

-analytic  -4.9172325E+2 -7.176289E-2 3.2537015E+4 1.8039965E+2
-1.2796457E+6

#References = LogK/DGf: 10abla/bou; DHf/DHr: 10abla/bou; SY-: Calculated; Cp:
10abla/bou; VJ-: 10abla/bou;

Dolomaite
CaMg(CO3)2 + 2.000H+ = 2.000HCO3- + 1.000Ca+2 + 1.000Mg+2
log_k 3.533
delta_h -65.360  #kdJ/mol #95rob/hem
-analytic  -1.7923634E+3 -2.8963524E-1 9.9594493E+4 6.5114488E+2

-5.6008392E+6
#References = LogK/DGf: Calculated; DHf/DHr: 95rob/hem; SY-' 95rob/hem; Cp:
95rob/hem; VV-: 78hel/del,92ajoh;

Gibbsite
A1(OH)3 + 3.000H+ = 1.000Al+3 + 3.000H20
log k  7.738
delta_h -102.759 #kdJ/mol #Calculated
-analytic -4.9375263E+2 -8.0900154E-2 2.9713879E+4 1.7790352E+2

-1.2676591E+6
#References = LogK/DGf: 95pok/hel; DHf/DHr: Calculated; S° 95pok/hel; Cp:
95pok/hel; V°: 78hel/del;

Gibbsite(am)
AI(OH)S3 + 3.000H+ = 1.000Al+3 + 3.000H20

log k  10.578
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delta_h -119.770 #kd/mol #93bar

-analytic  -5.1603857E+2 -7.6453196E-2 3.20636E+4 1.844821E+2
-1.2995667E+6

#References = LogK/DGf: Calculated; DHf/DHr: 93bar; S°: 93bar; V°: 78hel/del;

Gibbsite(mc)
AI(OH)3 + 3.000H+ = 1.000A1+3 + 3.000H20
log_k 9.353
delta_h -102.510 #kdJ/mol #90nor/plu

-analytic -5.1424E+2 -7.6453196E-2 3.1162048E+4 1.844821E+2 -1.2995667E+6
#References = LogK/DGf: 90nor/plu; DHf/DHr: 90nor/plu; S°: Calculated; V°: 78hel/del;

Hydrotalcite
Mg4AI207:10H20 + 14.000H+ = 2.000A1+3 + 4.000Mg+2 + 17.000H20

log_k 73.757

delta_h -584.221  #kdJ/mol #Calculated

-analytic -2.4901884E+3 -3.6327416E-1 1.5928901E+5 8.946747T7TE+2
-6.7395915E+6

#References = LogK/DGf: 10bbla/bou; DHf/DHr: Calculated; S°: 10bbla/bou; Cp:
10bbla/bou; V°: 97tay:;

Hydrotalcite(CO3)
Mg4Al12(0H)12(C0O3):2H20 + 13.000H+ = 2.000Al1+3 + 1.000HCO3- + 4.000Mg+2 +
14.000H20

log k  61.203

delta_h -557.469 #kdJ/mol #Calculated

-analytic  -3.0209773E+3 -4.5809446E-1 1.8727848E+5 1.0863898E+3
-8.6737198E+6

#References = LogK/DGf: 10bbla/bou; DHf/DHr: Calculated; S°: 10bbla/bou; Cp:
10bbla/bou; V°: 97tay;

Magnesite(Natur)
MgCO3 + 1.000H+ = 1.000HCO3- + 1.000Mg+2
log k  1.415
delta_h -38.990 #kdJ/mol #99kon/kon

-analytic -9.3271446E+2 -1.4911657E-1 5.2089668E+4 3.3809675E+2
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-2.90857E+6
#References = LogK/DGf: Calculated; DHf/DHr: 99kon/kon; SY-: 99kon/kon; Cp:
95rob/hem; VJ-: 78hel/del;

Strontianite
SrCO3 + 1.000H+ = 1.000HCO3- + 1.000Sr+2

log_k 1.057

delta_h -15.067 #kdJ/mol #Calculated

-analytic -8.6448542E+2 -1.3949671E-1 4.8173953E+4 3.1423417E+2
-2.8441316E+6

#References = LogK/DGf: 84bus/plu; DHf/DHr: Calculated; S°: 84bus/plu; Cp:
06bla/ign; V°: 78hel/del;

M4AH10
Mg4Al12(0H)14:3H20 = 4Mg+2 + 2A102- + 60H- + 7TH20
log k  -49.70 #from Myers et al. (2015)

M6AH12
Mg6A12(0H)18:3H20 = 6Mg+2 + 2A102- + 100H- + 7TH20
log k  -72.02 #from Myers et al. (2015)

M8AH14
Mg8AI2(0H)22:3H20 = 8Mg+2 + 2A102- + 140H- + 7TH20
log k  -94.34 #from Myers et al. (2015)

M4AcH10
Mg4A12(0H)12(C03):4H20 = 4Mg+2 + 2A102- + CO3-2 + 40H- + 8H20
log k  -44.19 #from Myers et al. (2015)

M6AcH13
Mg6A12(0H)16(C0O3):5H20 = 6Mg+2 + 2A102- + CO3-2 + 80OH- + 9H20
log k  -66.58 #from Myers et al. (2015)

M3S4H5 #3Mg0:4S102:5H20 can't be recognized

Mg3Si4016H10 + 6H20 = 3Mg+2 + 4H4Si04 + 60H-
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log k -55.8# From Nied et al. (2016), Calculated well!
M3S2H5 #3Mg0:2S102:5H20 can't be recognized

Mg3Si2012H10 + 2H20 = 3Mg+2 + 2H4Si04 + 60H-
log k -45.6 # From Nied et al. (2016), Calculated well!

SOLID_SOLUTIONS 1

(Sr,Ca)CO3
-compl Strontianite 0 #more soluble
-comp2 Aragonite 0 #less soluble

-Gugg_nondim 3.43 -1.82 #from Plummmer and Busenburg (1987)
END

EXCHANGE_MASTER_SPECIES

Xa Xa+ # Xa+ is anion exchange sites of MAAH10
Xb Xb+ # Xb+ is anion exchange sites of M6AH12
Xc Xc+ # Xc+ is anion exchange sites of M8AH14

EXCHANGE_SPECIES

Xa+ = Xa+

logk O

OH- + Xa+ = OHXa #from Miyata (1983)
log k 1.42

Cl- + Xa+ = ClXa #from Miyata (1983)
log k  0.263

C03-2 + 2Xa+ = CO3Xa2 #from Miyata (1983)
log k 1.84

S04-2 + 2Xa+ = S04Xa2 #from Miyata (1983)
log k 1.39

HSi03- + Xa+ = HS103Xa #assumption
log k 1.2

Xb+ = Xb+
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logk O

OH- + Xb+
log k 1.42

Cl- + Xb+
log_ k 0.263

C0O3-2 + 2Xb+
log k 1.84

S04-2 + 2Xb+
log k 1.39

HSi03- + Xb+
log k 1.2

Xc+ = Xc+
logk O

OH- + Xc+
log k 1.42

Cl- + Xc+
log_ k 0.263

CO3-2 + 2Xc+
log k 1.84

SO4-2  + 2Xc+
log k 1.39

HSi03- + Xc+
log k 1.2

SOLUTION 1 #"R" river water at Bat 1

temp 27.2 #27.2
pH 8.59

OHXb

CIXb

CO3Xb2

S04Xb2

HS103Xb

OHXc

ClXc

CO3Xc2

S04Xc2

HS103Xc

pe 7.21 #Calculated Eh=429mV, temp=27.20C,

Na 0.800
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K 0.046

Mg 2.246
Ca 0.464
Sr 4.8E-3

Al 0

Cl 1.315

S@6)  0.505 #as SO4
N()  0.164 #asNO3
C(4) 4.088 #determined by alkalinity titration w/ temp. and pH

SAVE SOLUTION 1
END

SOLUTION 2 #"S" spring water at Bat 2

temp 25 #37.8

pH 11.25 #11.08

pe -10.42 #Calculated Eh=-643mV, temp=37.80C,

Na 3.354

K 0.115

Mg 0.001

Ca 1.243

Sr 3.1E-3

Al 0.022

Cl 4.838

S 0.003 #as SO4

N(5) 0 #as NO3

C(4) 0 #determined by alkalinity titration w/ temp. and pH

SAVE SOLUTION 2
END

HHHHHHHHEHHHHH R1S9  #HHHHAHHBEHHHBHH
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MIX 11
1 0.1
2 0.9

REACTION_TEMPERATURE

25

SAVE SOLUTION 11
END

USE SOLUTION 11

USE SOLID_SOLUTIONS
EQUILIBRIUM_PHASES
Aragonite

Brucite

Calcite

Gibbsite

Gibbsite(am) 00
Gibbsite(mc) 00
Hydrotalcite
Hydrotalcite(CO3)
Strontianite

M4AH10

M6AH12

M8AH14

M4AcH10

M6AcH13

SAVE SOLUTION 12
END

USE SOLUTION 11
USE SOLID_SOLUTIONS
EQUILIBRIUM_PHASES
Aragonite

Brucite

Calcite

Gibbsite

Gibbsite(am) 00

11

12

00

00
00
00

13

00
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00
00

00
00
00

00
00
00
00
00



Gibbsite(mc)
Hydrotalcite
Hydrotalcite(CO3)
Strontianite
M4AH10

M6AH12

MB8AH14
M4AcH10
M6AcH13

EXCHANGE 13
OHXa M4AH10
OHXb M6AH12
OHXc M8AH14

-equilibrate 12
END
HHEHHER R HE
MIX 21

1 0.2

2 0.8

00

00

00

00
00
00
00
00
00

equlibrium_phase 2
equlibrium_phase 2

equlibrium_phase 2

R2S8  1HAHARHARBHAERA

REACTION_TEMPERATURE 21

25
SAVE SOLUTION
END

USE SOLUTION

21

21

USE SOLID_SOLUTIONS 1
EQUILIBRIUM_PHASES 22

Aragonite
Brucite
Calcite
Gibbsite

00
00
00

00
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Gibbsite(am) 00
Gibbsite(mc) 00
Hydrotalcite 00
Hydrotalcite(CO3) 00
Strontianite 00
M4AH10

M6AH12

MB8AH14

M4AcH10

M6AcH13

SAVE SOLUTION 22

END

USE SOLUTION 21

USE SOLID_SOLUTIONS 1
EQUILIBRIUM_PHASES 23
Aragonite 00
Brucite 00
Calcite 00
Gibbsite 00
Gibbsite(am) 00

Gibbsite(mc) 00

Hydrotalcite 00
Hydrotalcite(CO3) 00
Strontianite 00
M4AH10

M6AH12

M8AH14

M4AcH10

M6AcH13

EXCHANGE 23

OHXa M4AH10 equlibrium_phase 2
OHXb M6AH12 equlibrium_phase 2
OHXc MS8AHI14 equlibrium_phase 2
-equilibrate 22
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END

HHHHHHBHHEHHA R3S7
MIX 31
1 0.3
2 0.7

REACTION_TEMPERATURE

25

SAVE SOLUTION 31
END

USE SOLUTION 31

USE SOLID_SOLUTIONS
EQUILIBRIUM_PHASES
Aragonite

Brucite

Calcite

Gibbsite

Gibbsite(am) 00
Gibbsite(mc) 00
Hydrotalcite
Hydrotalcite(CO3)
Strontianite

M4AH10

M6AH12

M8AH14

M4AcH10

M6AcH13

SAVE SOLUTION 32
END

USE SOLUTION 31
USE SOLID_SOLUTIONS
EQUILIBRIUM_PHASES
Aragonite

Brucite

HHHHHHBHHAHHH?
31
1
32
00
00
00
00
00
00
00
00
00
00
00
00
1
33
00
00
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Calcite
Gibbsite
Gibbsite(am)
Gibbsite(mc)
Hydrotalcite
Hydrotalcite(CO3)
Strontianite
M4AH10
M6AH12
M8AH14
M4AcH10
M6AcH13

EXCHANGE 33
OHXa M4AH10
OHXb M6AH12
OHXc M8AH14

-equilibrate 32
END
HHEHHER R HE
MIX 41

1 0.4

2 0.6

00
00
00
00
00
00
00

equlibrium_phase 2
equlibrium_phase 2

equlibrium_phase 2

00
00
00
00
00

RASC  1HAHARHARBHAEA

REACTION_TEMPERATURE 41

25
SAVE SOLUTION
END

USE SOLUTION

41

41

USE SOLID_SOLUTIONS 1
EQUILIBRIUM_PHASES 42

Aragonite
Brucite

Calcite

00
00
00
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Gibbsite
Gibbsite(am)
Gibbsite(mc)
Hydrotalcite
Hydrotalcite(CO3)
Strontianite
M4AH10

M6AH12

M8AH14
M4AcH10
M6AcH13

SAVE SOLUTION
END

USE SOLUTION

00
00
00
00
00
00

42

41

USE SOLID_SOLUTIONS 1
EQUILIBRIUM_PHASES 43

Aragonite
Brucite
Calcite
Gibbsite
Gibbsite(am)
Gibbsite(mc)
Hydrotalcite
Hydrotalcite(CO3)
Strontianite
M4AH10
M6AH12
M8AH14
M4AcH10
M6AcH13

EXCHANGE 43
OHXa M4AH10
OHXb M6AH12
OHXc MB8AH14
-equilibrate 42

00
00
00
00
00
00
00
00
00

equlibrium_phase 2
equlibrium_phase 2

equlibrium_phase 2
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END

HHHHHHBHHEHHA
MIX 51
1 0.5
2 0.5

REACTION_TEMPERATURE

25
SAVE SOLUTION
END

USE SOLUTION

R5S5

51

51

USE SOLID_SOLUTIONS
EQUILIBRIUM_PHASES

Aragonite

Brucite

Calcite

Gibbsite
Gibbsite(am)
Gibbsite(mc)
Hydrotalcite
Hydrotalcite(CO3)
Strontianite
M4AH10

M6AH12

M8AH14
M4AcH10
M6AcH13

SAVE SOLUTION
END

USE SOLUTION

00
00

52

51

USE SOLID_SOLUTIONS
EQUILIBRIUM_PHASES

Aragonite

HHHHHHBHHAHHH?
51
1
52
00
00
00
00
00
00
00
00
00
00
00
00
1
53
00

116



Brucite
Calcite
Gibbsite
Gibbsite(am)
Gibbsite(mc)
Hydrotalcite
Hydrotalcite(CO3)
Strontianite
M4AH10
M6AH12
M8AH14
M4AcH10
M6AcH13

EXCHANGE 53
OHXa M4AH10
OHXb M6AH12
OHXc M8AH14

-equilibrate 52
END
HHEHHEH R HE
MIX 61

1 0.6

2 0.4

00
00
00
00
00
00
00
00

equlibrium_phase 2
equlibrium_phase 2

equlibrium_phase 2

00
00
00
00
00

RES1 IHAHARRARRRAAR

REACTION_TEMPERATURE 61

25

SAVE SOLUTION 61

END

USE SOLUTION 61

USE SOLID_SOLUTIONS 1
EQUILIBRIUM_PHASES 62
Aragonite 00
Brucite 00
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Calcite

Gibbsite
Gibbsite(am)
Gibbsite(mc)
Hydrotalcite
Hydrotalcite(CO3)
Strontianite
M4AH10

M6AH12

M8AH14
M4AcH10
M6AcH13

SAVE SOLUTION
END

USE SOLUTION

00
00
00
00
00
00
00

62

61

USE SOLID_SOLUTIONS 1
EQUILIBRIUM_PHASES 63

Aragonite
Brucite
Calcite
Gibbsite
Gibbsite(am)
Gibbsite(mc)
Hydrotalcite
Hydrotalcite(CO3)
Strontianite
M4AH10
M6AH12
M8AH14
M4AcH10
M6AcH13

EXCHANGE 63
OHXa M4AHI10
OHXb M6AH12
OHXc M8AH14

00
00
00
00
00
00
00
00
00

equlibrium_phase 2
equlibrium_phase 2

equlibrium_phase 2
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-equilibrate 62

END

HHHHHHBHHEHHA R7S3
MIX 71

1 0.7

2 0.3

REACTION_TEMPERATURE

25

SAVE SOLUTION 71
END

USE SOLUTION 71

USE SOLID_SOLUTIONS
EQUILIBRIUM_PHASES
Aragonite

Brucite

Calcite

Gibbsite

Gibbsite(am) 00
Gibbsite(mc) 00
Hydrotalcite
Hydrotalcite(CO3)
Strontianite

M4AH10

M6AH12

M8AH14

M4AcH10

M6AcH13

SAVE SOLUTION 72
END

USE SOLUTION 71
USE SOLID_SOLUTIONS
EQUILIBRIUM_PHASES

HHHHHHBHHAHHH?
71
1
72
00
00
00
00
00
00
00
00
00
00
00
00
1
73
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Aragonite
Brucite
Calcite
Gibbsite
Gibbsite(am)
Gibbsite(mc)
Hydrotalcite
Hydrotalcite(CO3)
Strontianite
M4AH10
M6AH12
M8AH14
M4AcH10
M6AcH13

EXCHANGE 73
OHXa M4AH10
OHXb M6AH12
OHXc M8AH14

-equilibrate 72
END
HHEHHEH R HE
MIX 81

1 0.8

2 0.2

00
00
00
00
00
00
00
00
00

equlibrium_phase 2
equlibrium_phase 2

equlibrium_phase 2

00
00
00
00
00

RS2 IHAHARHAHARAA

REACTION_TEMPERATURE 81

25

SAVE SOLUTION 81

END

USE SOLUTION 81

USE SOLID_SOLUTIONS 1
EQUILIBRIUM_PHASES 82

Aragonite

00
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Brucite

Calcite

Gibbsite
Gibbsite(am)
Gibbsite(mc)
Hydrotalcite
Hydrotalcite(CO3)
Strontianite
M4AH10

M6AH12

M8AH14
M4AcH10
M6AcH13

SAVE SOLUTION
END

USE SOLUTION

00
00

82

81

USE SOLID_SOLUTIONS
EQUILIBRIUM_PHASES

Aragonite
Brucite
Calcite
Gibbsite
Gibbsite(am)
Gibbsite(mc)
Hydrotalcite
Hydrotalcite(CO3)
Strontianite
M4AH10
M6AH12
M8AH14
M4AcH10
M6AcH13

EXCHANGE 83

OHXa M4AHI10
OHXb M6AH12

00
00

00
00

00

00

00

00

1

83
00
00
00

00

00

00

00

equlibrium_phase 2

equlibrium_phase 2
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OHXc MS8AH14 equlibrium_phase 2
-equilibrate 82

END

END
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