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Behavior of Rare Earth Elements in Mixing of Different
Type Hot Spring Waters : Acidic Saline Hot Springs
in the Northern Beppu Geothermal Area,
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Abstract

The rare earth elements (REE) concentrations of the hot spring waters in the northern
Beppu geothermal area were determined to clarify their behavior in the hot spring mixing
system. It was clarified that REE was removed from the H-SO, type hot spring waters by
the mixing of them with Na-Cl type hot spring waters. It was confirmed by the experi-
ments using the two type hot spring waters that Fe and Al concentrations decreased with
decrease of REE concentration, and the light REE (LREE : La, Ce, Pr and Nd) was re-
moved selectively from the H-SO, type hot spring waters. The LREE may be substituted
with the elements in alunite and/or co-precipitated with hematite during the mixing
process. The REE is very useful tool for interpretation of the mixing process of the hot
spring waters.
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BRKOBEERICEB T 2H TR (REE) OXHEEERT 500, REOEE LRI
ERBVKHHE I B 1 2IERKF D REE JEEAZRIE L. T OfEE, H-SO, TR R/KA Na-Cl 1Y
BEKERET S ETRFELHITLE (LREE : La, Ce, Pr X0 Nd) MEREKT 58RI
WKREINBE T ERFALMLER 5. N5 ORREKNIRS LIEES, BE/KbO Fe 8LU
Al JEEN LREE & & dicibd 32 L, BLULREE 2SERINICHDAENZ &%, —>
DORIDERIKEH VI ENKAER TR L., D0 &b, BUkiREEE T LREE 287V
FA FhOILREERT B, HEVIE~AT YA P EHIEL, BEan s EHEEL. REE I
HOKDRELEZRRT 52 FTHRBIEETH D, REE XY — v EZHWTid 22 &ickD,
RRIKORENBENS XL O IAEICTX 2 2 E05b - 12,

®— 0 — B, FHEULE, R MK, 1CP-MS

. FC®IC

SRR DR E— I = 7 = 0 & DR O 5, KA GHEIERIIC X 256, REOD
R BEFPKEDREREICED bz oSN, KITEE), AHEECERFKOREEESFICE>T
KRELZEDBEEZONTVWS BIAIEE, /INRS, 1997). T F TREIEKD BRI 258 S o
HEEITIZE R O (5, 1990 ; KRS, 1994 ; Sturchio et al., 1996), REKDKTE - B
EIRTAH (Matsubaya et al,, 1973) ZAHWV SN T & 2. JTE, DR OFGEIC X D TS O
A SFTWERSNITOVWTDOELEL, hoDiEFKhTcoBERFHENTED FIZI,
g S, 1994), o< sEokfoF TR (REE) BT 2FENEAICITON S L 512 -
fo. mLTIER, WKEEO REE OHIESEPHBEEM A EORGEBiTbhTws (B, &EA
5, 2002) 73, bHAEOHEERMY:DERKD REE ICBHT 2754 132 < 1375V (Kikawada et
al., 1995 ; KJIIH S, 1999).

REE [3fE 4 OHIER(LZENEIET, 1 A4 VREROIRENKECHFGFT2EBEV LR THD, £
OFRIME LA S A RIAEESIEEE LTHOW LR TR Y, KAKOREEREL2HERT 2 LT
b, BHBEREE 5 &GN 3.

Sanada et al. (2006) [ZFKFHEEERE AR 30 4ERIcH 72 5 REE EEOEE I DWW TEE
L, K-EAHEEEHIC L DERKITICS 75 &N 5 REE (B S Bk 1 A4 I & OMHEIZ I 5
Wlic, $hbb, <7 v E#oLENC X TR O A R 9 EENZAL UERKICE T T
frEtzn, ThnHCBLE TN X DR E 20 A+ v EESEINL T, KpRE4A (&
g & WUk & oL T OME/ERIC X 0 B +7T3% (LREE : La, Ce, PrB & ¥
Nd) 2SERIICEHS NS &2 oic L, o, BEHS (20068) (348 B EEERPIIKRIC
B BWEFELY St d 2B O M > REE OFE)jic>W T L, Weg)ln» S
RI~NTRAT 5 £ TOBET, REE 3XROHENIOHEAIC X B2HME, pH O IRk S KLk
TR DRI X A IGRERIC X 0, FmITK» SREEINTWE T AL I L. TNEORER
W EEPER]) 17K REE 78, /K-EfHEAERIC & 2 7AE, s 5 ORAIC K B2HH, % s ot
Ve & DM RIEAEER T 5 EcAATH S T EARL T

AHE TR REOEENEERLC ETHON TV ARIFHERICHEWT, ERORAN S RE I
JE2 1 5N 5 Na-Cl B & H-SO, RO BUKAHI N TIRA L, H-Na-Cl-SO, B o itk Bt IR DR SRk A
Bk s 5860 REE OX 8% REE /Y5 — v T L, REE 2RBE O 2RFRKDRESME
PEUKOHEIAIETE & A2EEKT 5 L TERRIBRICEDEL N E D D OMF 21T - 7.
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2. HAMORELHHE

2.1 & #

2.1.1 BERK

HERIK OEREIE, 2002 4 8 A AR RIEB) 0 BGEIIC Y7 2 R RLE L O TR 5 76 X
N % &R D Na-Cl BB 0K & BHEEHI > S 3l MR 23 F L C = fonfiligtd: o H-SO, BB UKIC k4
BIER, oI ENSDREAICE > TT X7 H-Na-Cl-SO, B O B R OEEMIEET 5 (K
R i, 1996), BUFFLEBHE D 20 » R TiT - 7o (DIFEER, @ HEHER, © LHEREE,
@ 209 PNklE, @fHEME, ©FHE, @%AHER, @XEAiEO MR, @ Mo, ©
IR, O, @A, OGAEE OBE, © 475 zFikkE ©EWHIERER, O G
AL, @ KOEERE(EAHAIEE L v 7 —, O BAGLEHPE @C D). %72, Na-Cl BEUKk~
DFKDOEFGEBET B2, <) — v3¥ L ZKEEEIC B W RIS O dhfgim /Kt & I 2.
NS ORI % Fig. 1 1T/RT.
FEEASDITHOERDKIE, & 50 UDIHETlFE LicR ) =57 L vBlORFICANER L T
Biw o 7. pH, BR{LEICEN (ORP) B X OBXUEERE (EC) OMlE R, Btk \WTiT-> 7. REE
B OMEES TR OSREHIERIE, LR 045 um OF FANY F o 2882 v 75 v 7 40
g —%HOTAHEL, 0.0l mol L WYEEAMK & 755 X DI L. ok, IBRAEBRICMHEH LzibhH
Rl B & OEAIE Ol RKERHS, 2R OB DR AL X 2 IAFR Y OE (R Mgk Dk
1) Z2T&E2ROP< 72, RERS TS EEROKETITRE L .

0 1 km B %
—_— e
07 Shibaseki Riveg] - -
5 © Hirata
D 3 . River
4 Mt. Garandake U
-Bébpu
©) \Bay
e o i
o © ©
@
Haruki River
:
Sakai ‘ N34°
River gt
Presic I
N32°
n IN31°

E129° EI130° EI31° EI132° EI133°

Fig. 1
area, central Kyushu, Japan. Sample names are shown in Table 3.

Sampling sites (arabic figures) of hot spring waters in the northern Beppu geothermal
K 1 HAFCERHiE i RIK DREUS A
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2.1.2 BREER

TE S L[EFRIC REE & 2 D13 A EDWR"GAMHAEFERICXORREKPICb o asnd &F
ZoNBDT, BREADELITEENERNWEELE >TL 5. £ 2T, IR RO RES &
EAONBEEREORELO SR % 2002 4 8 HICERILL, FEEKDHB XU REE O &iT- 7z,

2.2 H E

A L7l id ol (RDOLRESE T3ERD 72 i3 nir Al &M (B by TR
TAMAPURE-AA-100) % A\ 7z, REE %Ej#% 13 ICP-MS HZ Ju 3R [6) R TR 4E A #E 10 mg L
(SPEX Industries Inc. &) 27 L THWOW 2. HEOHE, HR, # 5 2ZREZEOPFICI3HEMK
(AR ) &7 18 Milli-Q Bk ELEHEE) 2V 7.

2.3 FERHS LU REE ORIE

2.3.1 EERSOAE

FERES (Nat, KT, Ca?" BL U Mg?") ORIEIC R TWEEER (HITACHI 8 170-10 %),
ket 4+ > (Cl°, SO2°, Br BLUNO; ) EEDHIFEICIEA 427 o< 757 (Dionex % QIC
Analyzer), YFe OllIEIC 350G (HITACHI %1 U-3210 %), AB* ©#l|5EIC (3 ICP-AES (SEI-
KO % SPS3000 1) Az hZhH\ 7z

2.3.2 REE QAIE

REE 47 oI E I 1 PSR ICP-MS (ELAN 6100 ) 2H W7z, 75 X< b —F B & CEj#HH
DX T FAF—3AEH T 2ET, BRERIEXVRIVT 1 v 7 Ry TEHOTX T 54 ¥ =1
BA L7, EROBERMIEICIINERE LK S LT ®Rh 20, REAIEAEKRSO Rh EED 10
ugL 1 & B K5I Imol L IHEEZ W THAR L 7z, MERRIE ICP-MS HZ e [E o e
W 0-1pg L Nici b ko IcHEL 72,

2.4 HEOFiHEEE

B pH 3 7 FHTOHEMER T, Fe® Al 213 EAEESE M VIRRKIZ, REE B &M TED
EEZoN5. Fi, NaClBBukLiEKkoBAIERE LSV &5, ThickERKT 2 YET
BRNTFA A v EDNNTEHMNRIEE 2 5729, ICP-MS 2 W HIETIEZ D% FillERR
fitd 2 L RINEETH 3.

T, L — rElEE RO P RERESERE S N, BEKfo REE OE®RICEA SN TV 5
(&AL, 2002). AL <TIE, BEERE, HERR, (LHERE, 209 0iklEs X O =
DIk D REE IBEPEBRD TRV EEZ SN 538 d 2 VIFERENSVERICo LTI}, 13/ 2
Feled L — b 74 227 (R —x &%) 2T 100~250 21 L, Fc< Y v 72 20KRE
ATV, AERE O TR E /L L 7o, BIED 7 o —% Fig. 2 1T/R9.

BB, Lald/Ny 22759y FHMthio REE &0 b &> 72, HIEREO La BEEEAS 10 ppt LU
ToiEEHc > W TRBRH TIRELI T (ND) & L.

2.5 BAAHORILERE

ORI v —Z2HOTREY ZEHIVED, FOWTY v T RT v =51 FEIFERAE RO TH
5mm DI ORI H L 2. icHE e (HFEReEs AMN-1000) Z W T 200 £ v ¥ 2l
TR L ekt e L, afilkle~4 7 vy = — I iEE oL, FLIE 0.45um @ £
V75T 4 vy =T Al L CRENAR AL 1.
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Chelating disk Water sample (1L)

<4— CH,OH Filtration (0.45 ¢ m)
4— 3M HNO,; 20mL

4— H,0 50mL X 2 times
4¢— 0.1M CH,COONH, 50mL

€4— conc. HNO, 1mL

[ ¢— CH,COONH,
l¢— Adjusted to pH 5.5 by HNO;
or NH,OH aq.

>
l

€— 0.1M CH,COONH,
<— H,0

€«— 2M HNO,

A
| Volumetric flask (~10mL) ‘

v
| wopms |

Fig. 2 Pre-concentration procedure of hot spring waters using chelating resin disk.
2 FL—FF 4 RIVERAVCERKEMOFIREERAE

2.6 BEER

REE W@ Th 5 IR S5 H-SO, BBk (afeit) LeiRcigrva Ut (pH 82
) ® Na-Cl BIBUKDIRAIC X 5 H-Na-Cl-SO, BBVK DFERL DBRIC AR % & FREa L 5, Bkt
DGR P B EILYI~ D REE OHL D 1A A 15 & OB O R FFHCEE & b 3 oo,
Na-Cl FUZok O HE % 3 5 SEFIE O R K & H-SO, Bk O IE A 3 5 LI ETrhE O R 7k
2R L 7RG FEBRETT- .

EAEFEEIL, HEHYLETEE =4 -7 L—7 MAC-2 ZH\WT 150°C & 200°C D7KEEGEH:
TiT-te. 77 v YEINEES I HEREE O RK &OSFRIE 0 R RKEREHE 20 mL 99> AR
B L, BRERZEEIC AN T 4B & O 8 BRENEL L2k A Bk s w7, s Ltk LR
045um DA Y757 4 v —TRKE| A1 L CHBEDBEL, A8 L cRiEhoF 3 - MEksy
75 5 UNC REE ORE ZRF/KGRNEE UHETHE L7z, BREIC X0 AER L 7B o eEENE
SIFFICIF A X EEE (JEOL #1 SX-3220 Element Analyzer) 2\, $EIFEREEIC IR X
[ (= 7 %4 v 28 MXPSAHF &Y, Cu-Ka) 2\ 7-.

3. MRBIUEBR

3.1 BRESRDREEEES LU REE /Xy —V

FERE TR L e RSB S ADTERS, REEEESLUIY F54 + (Masuda et al., 1973 ;
Masuda, 1975) @ REE R CHI#g{t L7z REE /Y% — >~ % Table 1, 2 38X Fig. 3 IcZ N 2R
T BREOSALRI MLy A ROEGHEREN562% TH 0, HeEEEZi o5, £/, REE&E
I3, LREE » 5 &A% (HREE : Er, Tm, Yb BX U Luw) ([C[A)F THIET A2 LlEic Aon
LTIy — v (FIZE, BEHS, 2002) 258D 5/ (Fig. 3).

85



o
H
0¥
=

EfMER, 1l — MERZE KREZ i SR

Table 1 The concentrations of major elements in Tsurumidake unaltered rock sample.

xR 1 BREEAOIERSERE
Si0, TiO, AlLOs; XFe,0s* MnO MgO CaO Na,O K;O H,O™
(%)
Tsurumidake unaltered rock 56.2 0.95 17.2 6.72 0.14 3.41 7.35 3.33 1.06 0.07

Sample

*The total concentration of iron regarded as Fe,Os.
H,O™ : adsorption water

Table 2 The concentrations of REE in Tsurumidake unaltered rock sample.

%k 2 BRESAOHIETREE
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Sample
(ug g™

Tsurumidake unaltered rock 13 29 3.5 14 3.2 1.3 3.7 0.59 3.2 0.66 2.0 0.29 1.9 0.30

104
10° |
_8 102 |
£
c
2
o 10! N\\’_—‘\‘\H_‘_‘_._‘
<
Q@
o
€
3 100 |
107 |
10»2 L L L L L L L L L L L L

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 3 REE pattern of Tsurumidake unaltered rock sample.
K 3 BREERAODREE /Y-

3.2 BUFFLERHE DB RKDEEMSERES L U REE BE

BIFFACES U 0 15 SR 7k D FFERS /MRS 45 & O REE 2[5 % 2 112 h, Table 3 3 X0 Table 4 12
R~L7.

WFFERER & U 7o BIRFILER IS < 1,  HIBE SRIEE) O RIS & 72 2 B RLE L ol FFEHR» & b 72
53N 5D Na-Cl RIZok &, BHEXIC /3709 2 sl © H-SO, RBUKAHIN %27 3 5 58
BETREA&L, H-Na-Cl-SO, ORI EIERORBKPIERS N, 51T, ZNENHEHESIREIRE
AR THRINLTOWAZERHSITENTOVS CKR - difk, 1996). AR, Mok, A
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Table 4 REE concentrations of hot spring waters in the northern Beppu geothermal area.
xR 4 FIFHLBHIEOERKPOFELETREE

Sampling location La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

ugL™!
(D Tsukahara spa 51.3 123 15.6 69.0 16.4 5.7 16.9 2.7 17.5 3.7 11.3 1.7 10.7 1.7
® Yamadaya hotel 13.4 44.3 6.8 34.1 8.2 2.4 8.1 1.3 7.7 1.5 4.5 0.6 4.1 0.6
@ Ebisuya hotel 12.2 32.1 4.7 24.8 7.1 3.4 9.7 1.8 12.6 2 8.9 1.4 9.8 1.5
ngL!

@ Myoban jizou 332 627 67.3 233 35.2 11.7 31.1 3.9 23.7 4.6 14.1 2.4 11.5 ND
® Konya jigoku 23.2 86.1 16.9 90.4 33.6 13.1 47.4 8.0 51.7 11.8 35.0 5.8 38.4 6.8
® Heiwaen ND 3.8 0.3 1.4 0.3 0.2 0.4 0.1 0.4 0.1 0.2 0.04 0.2 0.04
(D Shibaseki spa ND 2.1 0.3 1.3 0.4 0.4 5.3 1.8 19.0 5.1 13.3 1.3 5.4 0.8
@® Lower reaches of

Shibaseki spa ND 2.9 0.5 3.4 11.4 13.2 101 28.4 236 52.5 151 20.4 121 16.6
© Chinoike jigoku 82.1 224 37.2 226 159 83.1 423 130 1103 239 710 99.7 576 1.7
(0 Kamegawa spa ND 2.0 0.3 1.2 0.3 0.1 0.5 0.1 0.7 0.2 0.5 0.1 0.4 0.1
@ Kannawaen ND 7.3 0.7 2.6 0.4 .3 0.5 0.1 0.6 0.2 0.6 0.1 0.8 0.2
@ Private well A ND 1.5 0.3 2.4 7.9 11.5 111 32.4 204 32.8 69.2 7.0 33.2 3.8
@ Kyukouen ND 1.6 0.3 1.6 3.9 5.6 52.9 17.4 120 20.4  44.7 4.6 21.9 2.5
@ Private well B ND 0.3 0.05 0.2 ND 0.04 0.1 ND 0.2 0.04 0.1 0.02 0.1 0.03
@ Sakaeya hotel 40.3 66.5 8.5 39.7 15.4 11.3 69.0 22.6 182 34.1 81.7 9.6 51.1 6.4
@6 Source of Shiraike

jigoku ND 1.0 0.1 0.6 0.2 0.1 0.4 0.1 0.6 0.1 0.5 0.1 0.6 0.1
@ Spout of Umi jigoku 12.5 37.1 7.0 43.2 23.6 12.6 46.9 9.3 63.3 12.6 33.7 4.3 24.2 3.2
@® Floricultural center ~ ND 13.3 1.9 9.6 6.2 5.2 40.8 13.1 110 25.2 79.5 12.6 86.9 12.5
19 Kuroki memorial

hospital ND 0.7 0.1 0.6 0.2 0.1 0.3 0.05 0.3 0.1 0.3 0.04 0.2 0.04
20 Private well C 173 402  44.5 191 67.1 42.3 261 80.5 653 127 312 37.3 201 27.3
Marine Palace
(Aquarium) ND 1.0 0.6 3.1 0.7 0.2 1.2 0.2 1.8 0.5 1.8 0.3 1.7 0.3

ND : not detected

&, ¥ H o KhckE, dHE, B v 4 — 3, pH DHEIIE S, Na, Cl 38X U SO, A L
FIEWO T, ThooHEd Na-Cl B L O H-SO AUERKMES L TV A Th 2. IHEHIX
OFERIR, R, (HHEREEORRKIE, AHEICBVWTS H-SOBDIRETH 5 T &0
Hani.

LS FREE DR RIK 13 pH 25 2.04 TEHIRE A 62.3°C, Fe, Al, SO, FDKy %5+ ST
ppm D& — ¥ —TEHT AN H-SO, DR RKTH -7z, —F, REEEES ppb A — ¥ —T&
INTHY, UM FOK-SAHEMFRICL RS> SRFKPICAER LI D EEZL LGNS,

SEAIE DR RIKIE pH 43 7.85 THEIEEAI988°C TH D, NaBLUCl 2L &4 Fe Al %
B EAEEE R OIAE Na-Cl BIDIREKTH - /2. £/, REE BEE 3D TIEKL, 4ngL 'LL
TThote., Thig, HRNER»S b6 SN 5HMED Na-Cl RIBukicid REE 3E&FhTE 5
9, M E~NEBEHT 5 TOBRICBOOK-SAHAERIc XY, BEKkfIcbdIrictbioInT
WaEEZEZOLNS.

3.3 RIFFILERHE DB RIKD REE /X9 — >
BIFHEE R DR KD REE »¥ ¥ — v % Fig. 4 Ic7x9. C OHEFOER/KD REE /¥4 — V13,
© 77 v b CEELAHERE WY — >, @LREE 7 HREE &L TR 53/ — v, B
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REE patterns of hot spring waters in the northern Beppu geothermal area.

4-1 RBIFFCER I IC & 1T ZiERKD REE /X5 — >

89



i

\

90

T

Sample/Chondrite Sample/Chondrite Sample/Chondrite

Sample/Chondrite

W, SMEE, 1

107
1072
107

107
107
10°
10
107
10°
107

107
107
10°
10
10°
10°
107

(©Chinoike jigoku

e

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

{DKannawaen

A

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

@3Kyukouen

La Ge Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

({®Sakaeya hotel

e T

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

—, MM, KRE

Sample/Chondrite Sample/Chondrite Sample/Chondrite

Sample/Chondrite

107
1072
107
10™
10°7°
10°
107

107
102
107
10
107
10°
107

107
102
107
107
107°
107
107

107"
107
107
107
107°
107
107

i SR

(DKamegawa spa

| 00 g , 060000000

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

(DPrivate well A

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

{Private well B

M

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

(i®Source of
Shiraike jigoku

W

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 4-2 REE patterns of hot spring waters in the northern Beppu geothermal area (continued).
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Fig. 4-3 REE patterns of hot spring waters in the northern Beppu geothermal area (continued).
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RE WS ERK O Yy — Y DREL Z2IciTE 5.

7 v b CREAHER SV Y Y — v O SFERE, HEECR, |HHERE, 209 P5REE,
FHEERENEZ S L, HSOBOREBEEE T HREKTH S, TN 5DIERKICIE LREE & HREE
DRI HEAEL, fhoBRKE IR L THIBE TH 5. FHichkd pH OEKVIFFERRIE, S
B L 72iRRK DT REE BENKR b S, BPETh 2RES A LM La 5 Lu £ TEP D
WD 2EZ/R L TWA, Thid, REE BBRESFE T TahaD» oD RBIEE—ERICL > Th i
SENTVAIEEZRELTED, HSO,MOERKOBELEEZL NS,

@Dy — v EARTEFEKEIVDLDYWZREAROBERETHO, EAEE SRR MR, Mot
i, A BB, AEFE, H zKiclE @wHBRAL, Bty s —, CEMEYL, REEFLT
H-Na-Cl-SO, M Th 5. o/~ —vof#id HREE & Hig L € LREE EBESEKL, 28IE T
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Fig. 5 REE patterns of the solutions prepared by mixing Yamadaya hotel
hot spring water (20 mL) with Heiwaen hot spring water (20 mL).

5 JMNEFIERDRR®D REE /X5 — > (INEEE : 150°C & K U 200°C,
BEKE : ILARREDRRK 20 mL+FFHEDIRERK 20 mL)

Table 5 The concentrations of major dissolved components in the solutions prepared by mixing Yamadaya
hotel hot spring water with Heiwaen hot spring water (before and after heating).

x5 RBAEERCSITIZMBFMEBROBERKPOIERDRE
pH Na K Ca Mg Fe Al Cl SO,

mgL™!

Yamadaya hotel (20 mL)+ Heiwaen (20 mL)

Before heating — 563 43.7 102 16.6  32.6 87.7 890 1573
Heated at 150°C for 4hr 1.9 524 33.3 104 20.0 13.2 30.8 907 1420
Heated at 150°C for 8hr 1.9 527 31.8 107 19.9 0.59 17.9 917 1400
Heated at 200°C for 4hr 1.7 528 35.6 103 20.0 0.56 7.0 925 1390

Yamadaya hotel (40 mL)

Before heating — 36.9 13.7 138 33.2  65.2 175 2.4 3040
Heated at 150°C for 4hr 1.7 38.7 8.2 142 40.3 7.3 150 2.2 3016
Heated at 150°C for 8 hr 1.7 36.6 3.9 141 40.6 3.9 129 2.4 2966
Heated at 200°C for 4hr 1.6 25.7 0.53 135 40.1 5.2 36.3 2.5 2700

— : not measured

TWAIETHA., ThiE, LREE MERMICHEIRKEDL SO BN cC EE2RLTED,
oW TRBRIE SRS 5.

@ DA IRV Yy — v OfRIR I, SEHIE, BJIIER, #fosE, B A AR,
BARGESRESZYE L, i3 Na-ClBOBRRKTH 5. HEHBOIDIHE LI~ ) —voor
ZIKIERE TEREY U 721#87/K D REE /¥ % — v (3K #) 78 Ce DED T 7 —< ) =2 /R L THD,
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ERKEFHS RIS B89 — v AR LT, LEchi-T, oo Na-Cl BE RIK~Dg7KIC
K BB TOI W ERIRT &, IKOFRINIAHED & & 7B RKOR KRR EBEHITH 5 b
f5, 1993). 753, SEHEEB L OMHBEICO W TIZ EuDIED T/ —< ) =253 57z,

3.4 BEEE

H-SO, BRR/K (LHEEE) & Na-ClEUERK CERIE) ZBRE L ik, MALESuwsEo
(IR, 150°C 38 £ 08 200°C THIEL L 72 & DITHM S, Z1 5 DiEH D REE /¥4 — v % Fig. 5 1T
Ltz %7, FEESDEE% Table 5 1C7R7.

MBGEEIC X O REE ¢ — v ig KE AL, FRIC LREE KBV TZ0Z/LIFEAFE TH D, N
BRESEWIEE LREE SRS D L, Thid, SiREESBOMBINER L, = otBd
12 LREE BH0AF N, mBET» ohrESNIERTHLEEIOND. 51T, K, Fe, AlB &
U SO, DEFERD SEFHHCED LTB Y, MALTOWRLLD KL T, Feldf 609D 1, Al
31090 LD LT,

nEGRAE U 7o) o st X it CEM ) Tid, 150°C Tk L AR L 7 zksdnicid Al
Fe, SBXUSioE—7743, Fi, 200°C TIEL 7250kEHE AL Fe BLU SOE—7BFEH LN
Fz. TOTEMDE, B LEREZ Al BELUP Fe BOMBYITh 5 2 EHURE S NI,

RIT, KB OBAER X #iErX % Fig. 6 1I<Rd. O 5, 7F+ A4 b [KAL (SO, (OH)6]
BLUANTI AL (Fey0p) DE— 7 BHD SN, X=X 54 VD7 5 + TIHFEOHHDOEE IF
DIWEHTE AT ENDS, BT ELTINSDEYD ORI TWA T ENEREH
7.

TNFA b O—fEIE AB; (X0, (OH)s & LTHZ SN TEY, AIKREAA Y (Na, U, K,
Ag, NH,, Pb, Ca, Ba, Sr 8 LU REE) %5, BiCid Al, Fe, CuBXU Zn ZED/\BLLDA & 3
AB. 51T, X0 1213 S027, POST, AsOP, CrO2 HDA &+ vISABZ EBHLNTVS
(Dill, 2000). —fRICTTESPII D E ITA BN, 1 4 VREENKECFHT 35 EBE LR AN

Alunite
2000 T . T - 3 . T T
Alunite
- 1500 1 Alunite ’
w
|
& 1000 | Hematite i
= _
f_.:> i Alunite Alunite
e
= 500 | l l ;
0
10 20 30 40 50 60
26 (°)

Fig. 6 X-ray diffraction pattern of deposit produced from heating of the solutions prepared by
mixing Yamadaya hotel hot spring water with Heiwaen hot spring water.
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WS, R LB T VR A S THENE, AVA MR KBIUNaDA 4 2EE (K:138
pm, Na: 102pm ; 1 & v FEDfHIZ4 T Shannon and Prewitt, 1969, 1970) 24T\, LREE A5\&
I BEEZONS. F7, FMITBHA MTid, Fe %713 AlA3, X0 1213 SO MAB L%
Zons. iz, BREEBROMBFIRICEVTERTICE N 2 S8 L 7ot 3 Table 5 &
D Na, K, Fe BLXUAITHBHIENDD, INSDOTLENPLHBEZTVFA MDBEKRLIZETET
EWREHMTH B,

R b OMER N ITOWT SERRICHIATE 5. 97b b5, LREE & 1 4 2EROHM T % Sr
(A V% 113pm) BEU Ba (f 4 % 136 pm) OMNEGEOEENED L THED (Table
6), TN H5DIIEFED LREE EEFRICHEMAESICER L TV 5 EIRTE 5. 1535, Rb (14 V2
#%:152pm) BEU Cs (£ A4 V21 170 pm) (FINBFTE CTREGRD LISh -7, Thid, Th
SDILRIFK KO A4 PEEPKREL, BEICERTERVWIDHEEL LN S,

3.5 LREE & Fe & U Al BE DR MER

IBEFEEIC B T A IEETE OEEKED REE & Fe 5L Al EE & 2 0%E (%) % Table
THLUBITRT. TGRS Al BXU Fe IBEDH/DHF & LREE ORDRICHBIN R S,
1T Al & La & O WAEBIEIR 2388 Sz, 2D T &3, LREE (3 Al & & SISiBncHy
AEN, MMEADHER Al 28T B (7vF 4 b)) ERL, 0% LREE MERKD St
NicAEEmA SV EERL TV S, OAKERICE W TS 7+ 4 iz LREE 23t
ZWMAENBEAEPEESNTBY (ER)S, 2004), 7+ A MRS 5 2 LTk 045l
DL B T EDR R E T,

MRk SR Tk D Na-ClBlo#ok &, KR T Fe 2% < GUHBRIE OBk DR
BT DERESNTVWSE Yy ot 4 b [KFe; (SO, OHg) &~< 44 b (Fey03) DSIEBIIE LT
HERLTWAITH S (KES, 1998 ; SRS, 1998). Z DilbldRE DR 2 ERKIES L TOL
% Eh 5, ikid LREE 2SHEEHIC{E W REE X4 — v ARG EEZ Stchs, A KR AEKED
LTIV Ny — TR EP -, Thid, $EEUYrov A bELE~ATS A TR

Table 6 The concentrations of minor elements in the solutions prepared by mixing Yamadaya hotel hot
spring water with Heiwaen hot spring water (before and after heating).

® 6 BAERICEIIMBAMROERKPOMENRSRE

A% Mn Co As Rb Sr Cs Ba
ugL™!
Yamadaya hotel (20 mL)+Heiwaen (20 mL)

Before heating 80.5 1680 4.6 910 269 759 126 86.8
Heated at 150°C for 4 hr 21.1 1720 4.9 45.8 284 161 123 1.8
Heated at 150°C for 8 hr 13.2 1590 4.8 17.9 287 107 123 1.9
Heated at 200°C for 4 hr 27.4 1760 5.2 52.3 299 150 124 1.9

Yamadaya hotel (40 mL)

Before heating 161 3350 9.2 ND 92.4 168 4.4 30.5
Heated at 150°C for 4 hr 2.9 3560 10.3 ND 96.6 118 4.6 ND
Heated at 150°C for 8 hr 10.0 3300 9.9 ND 96.3 84.3 4.6 ND
Heated at 200°C for 4 hr 31.6 3730 10.8 ND 89.1 8.3 4.5 ND

ND : not detected
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Table 7 The concentrations of REE in the solutions prepared by mixing Yamadaya hotel hot spring water
with Heiwaen hot spring water (before and after heating).

xR 7T BEERICEITZIMEREROBRRKIOFLIETLREE
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

pgL™!
Yamadaya hotel (20 mL)+ Heiwaen (20 mL)

Before heating 7.0 23.2 3.7 17.5 4.1 1.2 4.2 0.68 3.6 0.74 2.2 0.29 1.9 0.28
Heated at 150°C for 4hr 2.5 12.1 2.5 14.7 4.1 1.2 4.1 0.64 3.9 0.79 2.3 0.32 2.1 0.31
Heated at 150°C for 8hr 2.0 11.4 2.5 15.3 4.2 1.2 4.3 0.67 4.1 0.83 2.4 0.34 2.2 0.33
Heated at 200°C for 4hr 0.64 4.8 1.4 10.5 3.6 1.1 3.7 0.59 3.6 0.73 2.1 0.30 1.9 0.29

Yamadaya hotel (40 mL)

Before heating 14.0 46.3 7.4 34.9 8.3 2.4 84 1.4 7.3 1.5 4.3 0.58 3.8 0.56
Heated at 150°C for 4hr 10.9 39.9 6.6 33.4 8.3 2.4 8.1 1.3 7.6 1.5 4.5 0.63 4.0 0.60
Heated at 150°C for 8hr 8.8 35.6 6.3 32.9 8.3 2.4 8.2 1.3 7.8 1.6 4.6 0.65 4.2 0.62
Heated at 200°C for 4hr 0.36 4.8 2.1 19.2 7.1 2.1 7.6 1.2 7.3 1.5 4.3 0.61 3.9 0.60

Table 8 The decrease rate of concentrations of LREE, Al and Fe in the solutions
prepared by mixing Yamadaya hotel hot spring water with Heiwaen hot spring
water (before and after heating).

%k 8 EBAEERICBITIZMEAMEROERKIERLIETE, AlELUFe BEEDORIE
La Ce Pr Nd Al Fe

Yamadaya hotel (20 mL)+ Heiwaen (20 mL)
Heated at 150°C for 4 hr 64.5 47.8 31.5 15.7 64.9 59.5
Heated at 150°C for 8 hr 71.3 50.9 30.8 12.4 79.6 98.2
Heated at 200°C for 4 hr 90.9 79.4 61.5 39.6 92.0 98.3

Yamadaya hotel (40 mL)
Heated at 150°C for 4 hr 22.6 13.8 9.9 4.3 14.3 88.8
Heated at 150°C for 8 hr 37.7 23.3 14.9 5.8 26.3 94.0
Heated at 200°C for 4 hr 97.4 89.6 71.1 45.0 79.3 92.0

REE O KZHAHRIAZE UKW EEZ R LTHEY, LREE MERICIEERYICH D AT NAITIET
WFA P WRELEFELTVWEHDEEZL OGNS,

3.6 7IFA bOBEBMECHE

REFERIC X 0 R L 72k o H X AREEE 2 W 7o e REE T SR X #RElHT I X 2 8k
YIMERIE, & SICTBAERRETR O RKPT O FEE - MERSOHEICL D, T+ A AL
REE OF#E %2 3 v ko — )V LICA[REHNE W EAURS L.

ZIT, BAERICBOTTIVFA MO L2 &%, MEGIHRD 7 VF A~ OEEFIEE % 2
FIFRNCETR L TR L 7o, SR A EELI N OEBY Th 5.

(1) EERPOBALFFEDEEE N & A 4 Vi@ a2 BT 5.

(2) TOAA4 yHEEEHEA A v OREIEZELFHET 5729, Extended Debye-Huckel =
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Table 9 Saturation index for alunite of the solutions prepared by
mixing Yamadaya hotel hot spring water with Heiwaen hot
spring water (before and after heating).

xR 9 BAERICEITIBZ7IVFA +0BfaNE

Temperature Heating period Saturation index
Before heating 6.15
150°C Heated for 4 hr 3.90
Heated for 8 hr 2.88
200°C Befo‘re heating 9.53
Heating for 4 hr 4.14

Mixture ratio : Yamadaya hotel (20 mL)+ Heiwaen (20 mL)

RO TERRRERET 5.
(3) HIATHM LAIEEFRBEB LT T IVF 1 b OEFREE
KAl; (SO, (OH) s+ 6H <K +3AP" +2S0,2~ 4+ 6H,0
IR Q 2RI T 5.
(4) TIFA b OIERRER Ko (Reed and Spycher, 1992) &, (3) TEH L /GBI A2V T
BAFNTEEL SI 2314 5.
ZTT, SIK1 D& EAHAM, SI=10& Xf3F0, SI>1 0 & X@BEFZRT.
BIFITER D EHELRE S A Table 9 1T/Rk9™. 150°C, 200°C D WFNITHBWT S, MEEDO 7L+ A b
DRIFHERUIINEGT & R L TR EBD L T EDURENTED, T+ A S WEkE» S L
1o EEXFT AREREMSB O NI

4. F & &

RAMERNFIEEB D B IS, T L 72858k h o REE #2R, REE /Y% — v A 8T L 72458, RE
IZ& > TREE /% — VICHEEWSED S, §HbE, FEERPCIHRERD X 575 pH2
VIR @ H-SO, BIDIERIKIG REE BN S L, IREAE (ZE) OREE Yy — v AR L. YO
FARPANTIA NS DHEREYO R SN0 3 pH3 [HED MO DR FR/K (H-Na-Cl-SO,
A TIE#AT LREE 27078 WREE /¥4 — Y% R L, & 512 pH »5 FF L 72 pH4 1 ® H-Na-Cl-SO,
TS RK T, Wil LREE 23KV REE ¥4 — v Z27x L7z, pH6 LId Na-Cl B Rk 1%, REE
RN, REE XY — V755 FTh - 1z,

BRI ERWIZZENTORKEEESER) S, Na-Cl BIZUK & H-SO, BBUKAES L T H-Na-Cl-
SO, B D &6 R DR RAKD AR T 2854, LREE B L7z 7 v 4 b [KAL (SO, (OH)g)
ICHUD IAE N, BRAKD O RINIICREESN S T E2MF L (LREE & 1 & VROV, LB
tho K 28 LREE &EHL TWA EEZ 51 5), FEERD H-Na-Cl-SO, AR SRK DI 23T & 5
ZEAERLI

PV Eo#ERH» S, REE BREDRERL 2 BUKORESMP 2 OihEies & «#%d 5 L THH
BIEETH 2 T ENHS M ETE - 12,

5#%1E, Yy oH A b [KFe; (SO, OHel TiE, LREE MG ICIKW REE /X% — VA RS 750
HHZH SIS 2058085 5. 71, BT LREE 2AHD AT N 28R ERIHT 2 72H I3,
SEM-EDS GEZAVE TBAMEE - = % L+ — 080 X oSS S2Huicirsglthd s L%
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