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Radium Isotopes of Groundwater Samples from
Green Tuff Region, Hokuriku District, Japan
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Abstract

To investigate Ra isotope activities and their constraining factor of SO,dominated
groundwater with relatively low salinity environment (up to several g kg™ of TDS), Ra
isotopes (*Ra and **Ra) in groundwater samples from Green Tuff region, Hokuriku District,
Japan, were determined along with their dissolved components and stable isotope ratios
(6°Hizo, 8Om0 and 8*Ssos). A drilling core rock sample was also collected, and activities of U-
and Th-series radionuclides were measured. The TDS of water samples varied from 0.29 to
44gkg . The water chemistries and stable isotopic signatures indicated that groundwater
was formed by water (meteoric in origin) —rock interaction such as ion exchange with
minerals, dissolution of gypsum associated to submarine volcanisms in the Miocene and
deposition of calcite during circulation in the Green Tuff layers as proposed by Ohwada et al.
(2007). Their *Ra activities and **Ra/**Ra activity ratios ranged from 0.21 to 176 mBq kg™’
and 0.56 to 4.82, respectively, and groundwater samples with high **Ra activity over 10°
mBqg kg ™' were not found in this study. U-238 activities and **Th/**U activity ratios of rock
samples ranged from 16.1 to 33.9mBqg™ and 1.04 to 1.80, respectively. Radium isotopes
seem to have been probably ejected into water phase by alpha-recoil process from the
results of formation process of water chemistry, relationships of **Ra/**Ray.-SOs and
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ZRa/PRavae-""Th/**Uwa. The *Ra activities showed a trend increasing with the increase of
TDS in SOs,-dominated water samples with relatively low salinity as well as the previous
results of Cl-dominated water reported by authors. A decreasing trend of *Ra activities
with the increase of pH was also observed; indicating that adsorption of Ra isotopes in water
phase to solid phase was controlled by the pH of solution. It was, therefore, considered that
Ra isotopes were ejected into water phase by alpha-recoil and their adsorption was
constrained by salinity dependence adsorption/desorption reaction and pH of water sample.

= B

SONCE T IR (~ % gkg™) O T KT Ra FAAREEE K OV ZF 0288 % B 5 2212
T2, dbkEZ Y — v & 7 MBI B EE R K O Ra [fifk (*Ra, ®Ra), BAFK
ﬁ])?l Uﬁﬁgﬁ”ﬁﬁgﬂﬁ (82H1120, 5]801120 and 5345504) ’i’(ﬂﬂﬁi L7-. i f:, (ﬂ?l%lk%*%ﬂy L7 j:l:}?f@
WEHIa7 (FAHEE) & 1A TRINL, SATO U K Th RAERERE 2 e L7z, Wk
WK D EEEE S (TDS) 13 029~44gkg ™ Th o 7. BAERG K OV E R AR L ol 2
MRS, BRIL 2R KO I, HTFICRE L2 RKAGRBEOH T AR S A—ARE (8
WEDAF a5, hF ko ILNEE & B 5 08 ORRE O HIRAORE) 2L B
WENTWG EEZ LN WIRAKFO “Ra B KO *Ra/*Ra i feltid, #2021
~176 mBqkg™ L T¥ 056~4.82 TH Y, 10°mBgkg™' Zi#8 2 % ®Ra & & il sl wKIZ R X
Nhahotz, T2, SR THOPUBEE LY Th/U gae i, #h £ 161~339
mBqg ' KU 1.04~1.80 TdH - 7=, R L 72 iRSER KO KE IR, KA D Ra/*Ra 4THE
W& SO RE K OJKH @ *Ra/*Ra YT RELL & A H @ *Th/™U A RE L O BfR 2 5, Ko
Ra FIARIE, FNHA—KEFINCHAET S Th O a BEEIHE) o )KBKIC X W EG I Nz %
Aoz Fi, FHELICKLLZENOEALY R OREREE R, SONE & BRSO
FIRARPIZBWTDH, i (TDS) 23INd 412251 T ®Ra iEHN < 2 LM R Sz,
F 72, ISR O ®Ra X, pH 25 < 2 5 LKL A EINSH ), EAH~ND Ra DA
ApHICHEHREINTWAEZ EAVREBEINZ. Doz Ehs, AIFFECTHRILL 72k 7Kk
@ Ra [FfARIE, o BCBRIC & 0 KMHAERS S, O REEOWSE - BEESOS LS pH I2 X D
s TwbEEZ SN,

1. U ®IC

R, 77 Y RHo *Ra CEEIY 1600 45), b Y o 2%5]0 *Ra (5.75 4) & *Ra (366 H)
KOT7 7 F = 525D *Ra (1143 H) @ 4 5D Ra WAL 5. e % &t indh RKo
WheiE, b R TH % *Ra L OBRBIETH % *Rn & HL I THITE 72 (B, 1955 ;
JNIEA, 1979). F72, Ra FARIE, RHR IR 258 2% 5729, WK O Ra FAA
REERTZN S ORGSR IIE, Bea MR - LT X, #lz1E, Sha—KRISICHET
TERERGAT AV VRS K DI 7 7 v 7 ZFHli% OB 5T &7z (Charette et al., 2008 ;
Porcelli, 2008). —77, 10°mBqL ™" %8 2 % IEH T EIEE O *Ra & & oAl - KIRA AFBEHE K
DIFAETHET A - F A TSEVEER OB IE < RBRED Ra 154 (IAEA, 2003), #FAk%E
TRERE LT3 1281 2 # T /KH Ra AAARORETTEINUC X 2 A% ONEEIE <
(Vengosh et al., 2009 ; Zheng et al., 2016) %5, JGHRBEDOBIET S b HTFKH O Ra [FAL AR E
REDOFEMIHEELWIERE L oo TV 5.

HARIZBWTIX, wWbhbwad [HgmR] AL WL LT, <2 olRAKP o Ra KR E
MPHES N, 7T v x RBNEREICELEAPMAET LR AN R 7 T & JLR T B O Tk R K
AW IR S Ra WA 2 &4 2 &M STz (B, 1955 : Kanai, 1988). ## 513,
FYMENC X 10 mBg kg ! i X % *Ra & S LKA L, HAKH O *Ra EE & 5 & OBIZIE
OB AFAET 5 2 & (Kraemer and Reid, 1984 ; Sturchio et al, 2001), JREIFAMT OSBRI X
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0 EIN O e s R HERE Z b L 35\ CORIREEIREINIC X » T AR SE 2 )i & 3 % w0 o Tsk

K OGEALWR) BEEEONDL LI ho72Z LIZHERL, IS RS R O Ra WA
A B O M T R DR~ K ESE (TDS : ~56 gkg™) (281F % Ra [AfLAZEE)IZO W THF5E & &
DT &7 (FHIFA, 2009 ; Tomita et al, 2010 ; &EHIZA, 2014a ; &HIZAH 2014b ; Tomita et al,
2014c). ZoORER, fEhEHE R Y 7 VRIS OHIBIZB VT, RAEOEHTH 5 370
mBgkg ™ BLE®D *Ra 2 ECHALWRPZBAAIEL T0DH 2L, BH6D2F 3 REVDODOKFIDI
AHEMT B2 2oN T *Ra g b H < RDMENAH 0, Kb *Ra L, BRI SMREEOR
% - BEERBIC X D XM ENT VDB ZERHS LR -7z, —T, SO % &L IR LY R 25 *Ra i#
JE—TDS OBRICBIF 2 IEL2ED0—HNTHL I L WO L ko7 (EHIZA, 2014a; BH
122, 2014b ; Tomita et al, 2014c). F 7z, FAE, FHAMENZ BT HF/KH O Ra A A H) 12 B
TAMEVEAATDOND L)1k o7z. ZORRE, WAMRPEELRHFZENE %% 01E TDS
2 3gkg ' BEF TT, ZTNLUTFOWK~FKERSE, 2F ) IERIWEKIES 2855 ClE, kb o
Ra [ ARIERE 2 Hil# 3 A FE 4 OB ARKEHT 5720, Ra WA AROBREHIEMETH L Lhbo
T &7 (Vengosh et al, 2009 ; Vinson ef al., 2013). M TR ® SO, % Ra FIMAAIEEEIZ G 2 % %8
R, HBMIES 2 BEIC B 5 Ra MM AZE 2 L 0 EHIICH S 023 5729121, SO, & Bl
BEZ At i T KR H AR S R b T KIS A F— Y O R A ERAVLETH 5.

ENCIE,  deifeE i ORI o H AR % rpuils, 3 Al i i o i KOG B A - TR S
N7zHifE, FIRREEIKER S22 7)) — v 8 TRPIELS A LTS, 7)) — v 7RI,
SO, Z HiREICE &, TDS ¥ 05~2gkg ' EDWDLW S [7) — > & 7RR | AAEAEL T
% (Sakai and Matsubaya, 1977). dvkEHusicd, 7)) —> & 7RGRRAEELTHB Y, TR
@ SO, %% Ra ML ARIEEEC 5 2 2 5280 L R 40 % BRBZIC BT 5 Ra MR ORF 81258 L
TWa EEZONL. RIFZETIE, SO NCE TR S OBREEICB T 5 Ra AR E) O 7
#HWZ, dbkEZ ) — 0 7 7RI TR L 72 iRE5 %KD Ra MM ARREZ MG 55 L L1, 15
NIRRT HWT, HBIRIES 2 3REEIC 81T 5 Ra M AEE OHIFERIZOWTEZE L/,

2. xRtz

WFent L o g E R (i ERMAFRAWIZERT, 2015) % Fig. 1 (a), BRI L7227 O
PRRIXZ Fig. 1 (b) (2R L7z, WFExSabiicix, Sl oifs HEfY) & RilE, #iE=
FOMAE L KA (F) =25 7)), WESRKOHER S & Kilks, HAERY S ERoRS
R, Kils, Wcs, ZHs) PSEAET L. ZOHBOEME LT, IS0 RIS S
WDOWEKILTEENCHK T2 7)) — v F TRPILL A LTS, 7)) =5 7RO LIiE,
SR DOHERE R B O HERCE T ORI E DA LT 5.

)=y 7IRIET A ImEAKIE, [0 =2 78RR LIEh, O8R4,
Sakai and Matsubaya (1977) % Ohwada ef al. (2007) IZFELV. ZhHl2L b L, 7)== 87T
TR, RKAKRZRFE L, ZOKEIEFEIZ Na-Ca-C1-SO, B OF Na-CL1-SO, T2 ftFk &, SO./Cl
smuvw—75, K& Mg3KikETH 5. Tz, 7V — v & 7HEEKDOBE SO, D &S 13,
)= F 7RBICEENLMBIESEOZNERTE Y, hFitoiEKb o SO, 5 & 3 55k
WLl #2 5N TWw5b (Sakai and Matsubaya, 1977). 77V — v % 7 RIE R o4 BB,
Wik 12> T AL T&E 72~ ¥ MIVHEE He LSS CO. ¥ A 2 GO RKRFEOH T K2, 71—
5 7REIZIEE - PEERL TV A HIC, WRARICE VBSOS, SWE DA & 25k, R KIINEE)
WX D HERDP AR LA (CaSO,) OEMR LA (CaCO;) %ikBed 52 &12X Y NaCa-
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(a) surface geological map (b) geological column of GT12 well
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Fig. 1 (a) Surface geological map of Hokuriku district, central Japan, with sampling sites of
groundwaters, and (b) geological column of rock samples from GT13 well. The surface
geological map was complied based on that from Geological survey of Japan, AIST (2015).

CL-SO, DOBAKNPEE I N L L 2 5N Twb (Ohwada et al., 2007).

3. HMEMEERFGE
3.1 FHFEHEE
AAEHREUL, Fig. 1 (a) 12/RT 22 EICBWT, 2004 49 A5 5 2006 4 4 247> 72, 8w
KRR, B Y 7 RARO F L VEEREE 5 v 7 i A TR IR 5 2200 50 AL
ECHRAKT 2 & )0 7225, DRI RELRSEE, W5~ 7 RBBICB W TIRIL 72,
WL 7z i SRR R O, pH GBI CE HICHE Lz 72, BRI 54 3 % 5 A 0 U
Je OV Th R 2 3EIR$ 5 729012, GT-12 O H-o il 2 7 2 Hvw7-.

3.2 EERFE
3.2.1 {#ERAKAF D Ra FfLfR

TR K O Ra AR (*Ra, ®Ra) TSI, #9201 OKEEZ 7z, R K F @ Ra [H
fEARIE, BEHIEA (2009) IZHEWGHT L7z, RIS E %773, $FRICL 72 i8R K % HNO;
TpH#% 1LLFICL, Fe* ¥+ 17— (200mg) Z R L Tk, —miE L. 2ok, 2ok
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BHAWIC NHOH 22 C pH % 2 1%L, Ba” ¥+ U 7 — (EEMEIC 300mg) & Ul (NH,) SO,
W 30mL &g, # 2 BeRHtEE L, Ko Ra 7K % BaSO, 23k & &7, SUERARICH O
NH.OH Znz, &z s LT Fe(OH): thi & Bk & &, WREATERT 2 CTRELZ. T4
VI—va vy ORI XD IR A NEE, HCl M A T Fe(OH),; 2% L, A (045um
L) 12& D BaSO, # WX L7z, WML 7z BaSO., itEid, 600C Tom# L, Ffefk, K TFL 48
WCZEIZEM L7z, BaSO D *Ra IR ("Pb ROV 'Bl) % B FICT 5 7-012— 47 Hik
B, M Ge FBAMMEHIC X ) ®Ra L O ®Ra i 2% L7z, Ra @EIERIE, BaSO, Al
INRESELWERAEL, EEEICEVHELZ. 2B, RFETIE, Raibfiirdiwv BaNO, Ml
(*Ra : 76*20mBqg -Ba, *Ra : BRHBRFLIT ; EHIZA, 2009) 2 HWTBa” ¥x VU7 —%#
L7z Ba” ¥+ )7 —%300mg iRmINL7AEED* Ra{HHlE23+06mBg THDH. A7 b1
A — %1%, NBL EEH#EZE No. 42-1 (4.04%-U), No.79 (1.01%-Th) K 0%k KCI#K3EI12 X D BIE
L7z, F72, Ra MEREOREHIOWTIL, SRR L XV HE SB35 PR A OB N v &
75 v FigtieillE—R/NE# Tl E%E (Hamajima and Komura, 2004) 1238 L T\ 5 il
JE Ge Pufifeihanic & 0 HlE L7z,

3.2.2 ZRERMAAL

MR AROKREFEMARLL (8°H) 1 EH &M% v 72K E A 2 F4 3 (Ohsumi and Fujino, 1986),
sk RIALARLE (80) (& e bhe e /7 A SEf51: (Epstein and Mayeda, 1953) 12 & 0 R4 LE R &
5 HrEl (Micromass Prism model) & VTl L7z, IR K %A SO, Ofiss R A&kl (8*S)
i, KREEICBa F XV 7T —&BWINL T, %A+ SO, % BaSO, & L THIL L, Yanagisawa and
Sakai (1983) 12f¢\vy, SO, 77 2 & AE#t%, &S & FAARIHE SIS L g L7z, 1, §°0 &
O S OPERBIEEL, ZNEN 2%, £01% ML +03%REETHS.

3.2.3 FEEEHEATIS

MR AKDEAFRTEA A > rax M7 7UEREIC XY ER L2 £, RBREDICOWTE,
2004 AFEFEICERIL L 72 308HE TOC B EE i, 2005 4F BE DRI EREL L 72 308 HCL IS & A
IR
3.2.4 =A% o U - Th - Ra FfAnfk

B LGRS, Bk, 794 vy —<—{bL7. 0%, B—bLi-aafEE2 75
AF v 755 (HE6cm, BE 2cm) WKHAL, H—7r AiER, SHE Ge P8 AR W
TeIEME y AN Fa X ) —IZX D AEAPO P Ra R PRai@ELBE L /2. AT b X —
%1%, NBL #Z#EHE No. 42-1 (4.04%-U) K OMEH KCLaR3EIC & D BIE L 72,

EAREH O U - Th 047243, Sakaguchi et al. (2010) 12X D FEIISRENTVWAE DT, i
XTRATRIRT. Wb LR B 05gBEZTF 70y E—h— 2B L, {LADERMIEN b L —
¥ — o U RO *Th 2 AR L, HF, HNO; O HCIO, THrfif L7z, € 0%, ZFEFRIEIC
8M HNO; Wz, Mm#k - Bsth, 045um LA KEH CTABL. A EOREIX, AL
DIFHN T Na.COs 12 L DiEmh L, sk, 8M HNO; IZHEM L, ERlo AWz, SohizE
WA EDO Fe” ¥ v ) 7—%RML, NHOH Z Vv CiEiREz e L, Wi+ U - Th FEAAE
ERYIRICE DI L 7. Zofk, w05 EEC X D XL 72 Fe(OH)s bl % 10M HCL IS L,
VAV THENI =TV HWTKEGO Fe &, KMz ZBRGZE L7z BREEY B0 10M
HCLIZHERL, BaA 4 U 3g3iitlie 7 7 28 X 0 BRIIC U KO Th FAARZ B b - ri L
7o, FEL7- U-Th WKL, BV A7 Y VAR EICEEL, affAXRZ7 dax M) —i2X) U-
Th FAAREEE %2 5w & L7z
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4., BEREEE

4.1 BRKOKE

PRI L 72 1R 8L K OKE, A B OV R AR L OB e f5 R % Table 11279, IRELHRAKD
pHIZ 677589 THY, FEISE T VAV TH o7, 72, TDSIE, 029~44gkg™ THo
7z, —IOWMILIAIKIT DO W TIE, Ohwada et al. (2007) & [F U TERINL TW 545, BRI
DFERIF ST

PRI L 72 dh S K DX 28— 54 7 75 A% Fig. 2 127, Fig 212083 £ 912, REL 77wk
WBAROKEMNRHEME LT, AL YiENa R CaPERSTH L. —F, BALF VKL &
TORPHIBWTHAKLD S SOICEATEY, GTI~-3 %k, HCO; a»diwv. 72, R
U Z-imdi s, B4 4+ OFFH &, HCO»-SO, B (GT1, 2), SO-HCO; # (GT3), SO, & (GT4,
5), SO-CI# (GT6~11), CI-SO,%#! (GT12~19) KU CI#I (GT20~22) 27¥i3 % 2 LAk
5.

Fig. 312 8H-8"0, Na-Cl, Ca-Cl L U* SO-Cl R % /RY. LR AKD 8H L840 1k, ThE
N—-71~-53 R —115~-88% THh »7z. Fig. 3 (a) IT/RT L 91T, MmMERAKIE, BEAH A HEH
WIROFTIKH (LMWL @ FH=88"0+20 : K& - 4, 1997) EiZ7oy FEh, KKERTH S
ZEHIRENTz. Figs. 3 (b)-(d) IZRT X H 1T, FRIL 721k %Ko Na/Cl (FE= I 065~11.7),
Ca/Cl (0.077~280) K U* SO./Cl (046~85.1) &ifpZkdZh & (Na/Cl : 056, Ca/Cl : 0022, SO./Cl :
014) £ b@<, AA—KRBIZLY, Na, Ca KU SO, 25 FIZRE L7z RAKICAR S iz %
AOoN5D. ImEEEART OB SO, D 8'S (+186~ +25.6%) 1%, —H OB B VTR IC/ N2
T TIXB%A SO BICOWEEZZ T 2L EZONLHW PSP SNS S DD (Yamanaka
and Kumagai, 2006), +21%fEi2afiLC\ws. Zofbgg, kR KB OER SO, 28, 7Y —
YF 7 EENL RO SR L 7oA FEOmBELERE LTWwL I EZ2RBL TS
(Sakai and Matsubaya, 1977).

AFZE T S N2 ERE R %2 VT, Geochemist's Workbench (Bethke and Yeakel, 2014) (2
X0, HEROHRAIIY 586 % (Saturation Index, SI) #iX& L7 (Table 1). Z D%,
23K (GT5, 9) #MREABIIH LTAMTH -7, —T5, FAIZowTix, 338 (GT7, 10,
11) #Br&fafiLCTwb. &d, HCO; 2SMHRFLLT ok (GT9, 16, 17, 19, 21, 22) 122\ Tig,
ARATEERMIC HCO 2 ANTEME L& 25, Smgkg™ & W) IKEE D HCO: fi4E F CHffA
WZHIFIS 5 2 EMHERRCTE 72, b Z &5, Ohwada ef al. (2007) O#EH: & FEEIZ, KRAFTE
THRECL 721080 Rk, BEAQH NICEE LKA, ) = ¥ 7R@EGRL, FIXT7) =57
BHOABEOERM O EAZ BT AT, FEROKEZERLTVWEEEZORS.

4.2 RELRKFD Ra FEfLERPERRD U - Th RIIZE

SR K H 0 Ra ARG E K OSHUS fE L % Table 2 12789, sk K ih @ #Ra [ O #Ra 1,
ZNEFN021~176 KT 0.35~290mBgkg ' TH - 72. *Ra/*Ra A RELLIE, 056~4.82 TH 1,
“Ra i & *Ra/”Ra MATREIL ORI, W ARMBIBRIE A S N h 572 (Fig 4). 72, IR
KD *Ra JEEE K O *Ra/*Ra BUFREIL &SRB & OBMICEEMII R O N o 7z, RIFRETHS
7z Ra L, BBEEOWREREK (*Ra: 03~84mBgL !, ®Ra: 0.24~104mBqL ! ; Nakano-
Ohta and Sato, 2006) RAIH IR HEERE (Ra: 36~282mBgL ! ; $NIE Ay, 1979) & [FEFEET
Hote. W, FHLHICLD 10PmBakg ! P ko #Ra # &L WR DS, H AWM O 5 i<
HRAHIZB W TEE R SN /228 (Bl 21, Tomita et al, 2010 : EHIZ2, 2014a), ABFFETIE,
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Fig. 2 Piper diagram of groundwater samples collected in this study.
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samples collected in this study.
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Table 2 Activities and activity ratios of Ra isotopes in the water samples in this study.

NO. 2261{a 228Ra 2281{a /226Ra
(mBq kg) (mBq kg) activity ratio
HCO ;-S0 ; type
GTI 1.50 + 0.07" 0.84 + 0.12 0.56 + 0.08
GT2 15.5 + 0.5 263 + 1.9 1.70 + 0.13
SO ,-HCO; type
GT3 13.5 + 0.3 285 + 1.6 211 = 0.13
SO , type
GT4 19.3 £ 0.3 70.8 £ 2.8 3.67 + 0.16
GT5 1.19 + 0.06 462 £ 027 3.87 + 030
SO ,-Cl type
GT6 9.80 + 0.39 239 £ 15 244 +0.18
GT7 121 =02 583 + 1.8 482 +0.16
GT8 0.88 + 0.05 1.02 + 0.09 1.17 +0.12
GT9 176 + 1 231 £9 131 = 0.05
GT10 147 + 0.4 61.0 £ 3.0 414 + 024
GT11 23.1 £ 0.4 458 £ 22 1.98 +0.10
CI-SO , type
GTI12 74.6 + 1.1 118 £ 6 1.58 + 0.08
GT13 156 2 290 + 12 1.86 + 0.08
GT14 16.7 + 0.5 414 + 24 248 +0.16
GTI15 8.44 + 0.40 25+ 16 2,66 + 022
GT16 1.26 + 0.08 4.07 + 031 324 + 032
GT17 0.21 + 0.04 0.35 + 0.06 1.64 + 0.40
GTI18 3.94 +£0.18 11.7 £ 0.7 298 + 0.23
GT19 1.88 + 0.07 516 + 0.32 275 + 020
Cl type
GT20 173 + 0.6 54.0 £29 3.13 + 0.20
GT21 235 £ 0.5 54.8 + 2.7 234 + 0.13
GT22 3.00 + 0.19 11.0 + 0.9 3.68 + 0.39

*!. Error shows 1o standard deviation from counting statistics.

D L9 7 PRa B EREICEGIRILRAKIT I S N 0o 7.

L 72 a Ak GEEl 2 7) o U RS (*U, U, *Th, *Ra) KU Th K5I (**Th, **Ra)
IREE % Table 31RY. ‘HAHO *U KO #ThiREL, £ 161~339 KT 229~41.6mBgg™
THY, HAOHEOENIZEZ2HBERELIZAR SN b o7z T2, RIFECHROLNZEAFD
BU RO PTh g, IhETICHE SN TV LENOEATORE (Miyake ef al, 1975 ; Tomita
et al, 2010 ; &HMHIZ2, 2014a) LWFREETH L. FRVNHNOBREBEEIZOWTIE, RFINICBI
% Ra FINARO BB 2 RIS 7 <, RIS AOHI 2 7 TBIIl S 7z X 9 7 Ra O (Kronfeld
et al, 1993) IR SN Lh o7, SAT O Th/U e, 1.04~180 TH» Y, ThHR5 /U
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Fig. 4 Relationship between **Ra activities and ***Ra/**Ra activity ratios of
groundwater samples collected in this study. The **Ra activities of
groundwater samples from Kanto area (Nakano-Ohta and Sato, 2006)
and from Shirahama-spa in Wakayama Prefecture (Horiuchi et al., 1979)
were shown in this figure for comparison.

FHIBESREIIC D WT S, AR OB D@ L 2B 22 LIZR O NG h o 7.

mEL IR O #Ra/*Ra it relt (056~4.82) 1%, A O *Th/*U Kh4aElt (1.04~180) &
Wi 5 &, MQRBEENSBWVETH 7. 72, SARBZRIL 72450 584 6 5 RK
(GT12) @ *Ra/*Ra titaeitiZ 158 TH 1, SA @ Th/™U B L 1ZIZFELWETH -
7z.

4.3 BHRKAD Ra B HFOHLE

— I, Ra WAARI, SO OB OIEWEE (EA—KBER) ISHFET 5 Th O a A
S o KBRS X D AKMAEE S NS, R4 1 ICBWTHER L LS 12, RAREOH TR, 7
V= 7R ONEERBEL, SONELREZEE LTS Z L5 (Ohwada et al, 2007),
ABERICE TN U RO ®Th OBBEMETH 5 Ra FMMARDS, G OB L Y2 $KMI
WENTVLIREIEZONS. ZONE, ATEORMBEES—EThHSENRET S L, SO i
JENE L 2 DI EWERFR AR 2D, ®Ra & ®Ra OB 0@ W I X D #Ra/*Ra it
HEIEAVNS K b 2 e FREND (B2 IE, SHIZA, 2009). L2L%a255, Fig 5ICR7T X
1S, ®Ra/Ra hthklt & SO EEORMICIE, HEZAOMBMRER O o7 F72, A
BOWMIZ L) Ra 2KHANER SN B84, Ra MR RO N L Y, Ko Ra/*Ra
BegtE IR, FA O FTh/U R L 0 /S 2505 (BEHIEA, 2009), KE85 o ik R
KBS, A O PFTh/2U i fe e & MR 35 ®Ra/%Ra R TH B 2 &0 5, ATFTOH
f#IZ & Y KM Ra RS HAE ST WD L IZE 2. 8o T, iRsERAKT D Ra R AR,
FIHWEN CAA—KER) ITHEHET S Th © a BIZITHED o KB X ) RMHANEE S Tw S
LEZLNA.

Ra FPLARADY a BOBEIC & 0 KNG S N 254, @WIREBICB VT, Ko *Ra/Ra bk
Wi, AFO ®Th/”U gt L5 L < %% (EMiE4, 2009). Yamamoto ef al. (2003) &,
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Fig. 5 Relationship between SO, concentration and **Ra/**Ra
activity ratios of groundwater samples collected in this study.

GT13 ®KRH®D ®U/*U Bgtae b 25 K 51 12 e s 2 & 2 AL, Andrews ef al. (1989) 12X - T
RESINIXE T, Ko 2U/U Bbaglt 2 S, GT13 OIREAKOHH R 2 10'~10° 4E &
RBib o7, ZORMAT —VTId, WERRINAY 1600 4T % “Ra 10 L TERIREZ I]E
THLIENTED., GTI3 DR KD *Ra/*Ra 4taett (1.86) &, T THRINL 7 GTI2 D%
A ETh/U BataElL (1.04~1.80) &#E4%E L <, KH o Ra [FAARDS o SOBEIC & O AKFHA~BEG
SNTVEEVIBREEGNTHS. F72, ML EHERAK2HD I B 14 H BBV,
“Ra/*Ra BN FEIL2S2 A TH Y, HAO PTh/*U et £ ) <, Ra FAARD o KBk
XD ARG IR TWD T E2RE LT 5. iELRAKD *Ra/*Ra R REILASE A D **Th/
BUMSEER X D b EVEEE LT, EEIREIKL LT n it o SKBEIZ X D KM~ Ra FfL
K2R LIS 5 S50 —KRBEFUCABE SO *Th FMARINRE L TWAWEBENE Z o b (Bl 213,
Tricca et al., 2001 ; Tomita et al, 2010). L2 L7235, ARWFFETEH S R TIE, KRSURAK
DUFE W R VEA—KEER D P Th A2 dHIi T E 3, SHRMIRTREFETH A9

4.4 BELFEKT Ra FMHFREDHNWER

WFKP O #Ra L, —RAIIERBEL 22500 UREIKET 222005, K
HCHRONTZEADT—F I 1 HNORTH LD, 20 PUBRENEFOREHHCTHL L,
FEIR K O *Ra R EE A 3 HTDOZEBYE (Table 2) TH 5 DITH L, G HOEBRI L (Table
3) THAHILrH, WRKTO*RaiREOEBIEIL, HAOPURETIEZC, KEIGERL
TWhEEZEZLNS.

PRI L 72085k o ®Ra i EE & TDS O %R % Fig. 6 (a) IS77R"7. Fig. 6 (a) ISR T L 912, i
SEEKF O *Ra X, TDS & & b ICH L R H 5. T/, *Ra—TDS 7 & #
B oMICHBEZERE RSN o7z, — B0, HTFKFO Ra B, Ho0sHns 55
Bz EmbnTws (B21E, Kraemer and Reid, 1984 ; Tomita et al, 2014). Fig. 6 (b)
RS L 91C, #AMETIE, TDS WKL 2213520 & K& AR, %A% (TDS: 1gkg™
DIF) 128V TH *Ra % 100mBakg ' YL EELH FROFHESAMSNTE Y, KIS REREETIE,
WAL OERNS RaEOHIKER L LTEETHL EEZOLNTWS (B2, Vengosh et
al, 2009 ; Vinson et al., 2013). LA L7%&A5, RUFETH 57z Ra—TDS OFKIE, ThFET
W STV B EINOBEILY R & RO TH Y (Fig. 6 (b)), AMFZETERICL 72k R &
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Fig. 6 Relationship between ***Ra activities and total dissolved solid (TDS) contents of
groundwater samples. (a) Logarithmic plot of **Ra-TDS for groundwater samples
collected in this study. (b) Logarithmic plot of **Ra-TDS for groundwater samples
collected in this study along with those for Cl-dominated groundwater samples from
Japan (Tomita et al., 2009 ; Tomita et al., 2010 ; Tomita et al., 2014a ; Tomita et al.,
2014c¢) and for groundwater samples with various water chemistry around the world
(Kraemer and Reid, 1984 ; Krishnaswami et al., 1991 : Pluta and Zuber, 1995 ;
Sturchio et al., 2001 ; Tricca et al., 2001 ; Vengosh et al., 2009 ; Vinson et al., 2009 ;
Chu et al., 2012 ; Vinson et al., 2012 ; Vinson et al., 2013 ; Guerrero et al., 2016 ;
Zheng et al., 2016).

D *Ra R S BEABE R EOWE - BIBERUSICE D XL ENhTnwb EEZ 5N 5.

ImELR KT D Ra 42 L Mg, Ca, SO: LU pH DR %, Z1ZFN Figs. 7 (a)-(d) 12R9. iadk
AR F D PR EEEX, Mg RO CasBind s & m aEmAaR 5N (Figs. 7 (a), (b)), +1
flit®h b RaAd Mg R Ca LB L8250 % 2 515 (Guerrero et al, 2016). F 7=,
AMFZETIE, ™Ra il & SO, IREOMIIEOMBIRS R S 7z (Fig. 7 (¢). R OE-S M
BT, HNKA O *Ra L, SO RE L ORICEOMBIBIRA R SN, Ra OWEBRIE (FICE
WA ~o3tk (Chu et al, 2012 ; Szabo et al., 2012 ; Vinson et al, 2013) 2VRIE ST 525,
AKFFETIE, TNOEIFRLLIBEIEONL. ERR4A3ICBVWTELRLAL X HIZ, PRa/*Ra—
SO OBERA S, HEERAKF O Ra FWfifkix, 7)) —r ¥ 7BICEIFNLAFOBMRTIIRL,
MERIC X D KMAERR I N EZS5NS. L7257, Fig 7 (c) TR 5N 5 *Ra—S0, f"::IO)IE
OMBARRIE Y — 2 ¥ 7BIZEENLHEOERITRE T 5D Tldh v, ARIFSETHRILL 726

gLk, SO, Z WigEICE L /20, TDSH D SO, 23D S EERRKE W (FER T 20-67%).
DF D, SO AEREIZRH1ZE TDS 5K E L &Y, WOERFEOWSE - BisERSIZ & D) *Ra 23
FREEIC R 5720, KiE LT, *Ra—SO, MICIEOMBEANR LNz EZ DB EZNUTHA ).
Fig. 7 (d) \Z/R 3 X 912, SRR O *Ra e & pH O, BHOMESR LN ZofR
&, pH MKW T EFEMAD Ra OWHEL I SN D720 8% 2 515 (Benes, 1990). Dbz &
25, a IS X ) KHAEG S 17z Ra IR BEAA~OWAE X, B4 O pH ICHlF S
TWwWbeEEZLND.
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Fig. 7 Logarithmic plots of (a) **Ra-Mg, (b) #**Ra-Ca, (¢) **Ra-SO. and (d) **Ra-pH
for groundwater samples collected in this study.

FZHEONINT TIZHEM L TE 5RO Ra MAARICET 2052 T, (bAaimKz R
LTWAIRSRAKENGR L LTz, 20720, RERKPFOES2E <, Ra FWAAZ K2
B LR T VR L 20, 100mBqkg ™! Yo ®Ra %2 & Gl K AMEAE L1372 (BTH, 2014b).
—70, AL TR L 7zim8EmKiE, RKZREE LTWwb720, TDS SRKTH 44gkg ' & %
NEIERL S hholz. ZORKE, Ko Ra FAADBEAHNOWE L S, Ko #Ra
EREL S ozt EZ N5,

5. I

SO ZE T IRIIRIE S (~ B gkg™) DM TFARH Ra MVAKRER N Z0%E 2 W 59127 5
7ol LB 0 7 ) — 2 5 7 HISNSE T A iREE K G 22 3R ZERELL, Ra FHfZR (*Ra,
ZRa) MR, FEBAARS B OEE AR (5°Hiuw, 80 wm, 8Sso) ZME L2, $72, MK E
B L7-HFoHEE 27 CAaaRm) & 1A TRIL, Saho U KO Th RHIEEHEREE %
E L7 BREL 72855k TDS 1, 029~44gkg THh Y, BaA F Yl S, HCO-SO, B,
SO+HCO; %, SO, %!, SO-Cl#, CI-SO, ® o ClENC G SNz F 72, BRI KAGE N,
AT SO P OMEEKINGENC X 0 7Y — > 7 7B IZELY A $ N 72 M AGR R O R BR R % ke 5
ELTBY, WTICRELLERAN ) =7 7REHRL, AHEOBRLOFRAGZEET S 2
LT, HCO: 237, SOMCEOGRKEXZ L Twb EE 2 Sz, MR AKH O ®Ra JEE KO
2Ra/*Ra BEHREIL I, ZNZFN 021~176mBakg ' KU 056~4.82 TH - 72 kR AKHF D Ra

4
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[FEATARIREE & S & ORISR 2 BRI R Sk o 72, B A O 2U B RO *Th/*U g
RElbIE, 161~339mBqg ' MU 1.04~180 TdH o 7z, IR L 72 iRSR AR O KE IR, IRk IR
K@ #Ra/*Ra B EEIL & SO, I O B4R, LK D ®Ra/*Ra B HEI & 54 O #Th/*U
WHHRELL O BIERA 5, Ra ARG EIAA— KBRS S Th O a HEEIZHES o KIZ X D
KHICHIE SNz L EZ b/ F72, KENEG Sz Rald, FE KT OSRGOS -
Wi sl BOG & O° pH IS & ) EAHNOWAE ST SN CTnwb L& 2 bz,

ARBFZECTIE, HIREERIE 2 72 B85 (TDS :029~44gkg ™) 1B W TH, ENOHEALY R & FERIZ,
K ®Ra R E ORGSR I N T2, T AKRP O SO, OFFEE, PRa igE—TDS
OBRIZBILIELDEO—ERNTH L LEZ LN TV, RIFFETIRILL Z2R8ER KD X 9 12
TDS D SO 2350 2 EE D H WA, SO 28 TDS # %< § 4720, SR AKP O Ra A AR
R THILPRIRINT. Sk, fisORHOBIESH TR GRIEZRKD L) ITO0T,
EHICMET— 7 2 EHL, KEPKFD Ra MMAEZETIZRITTHEIOWTERLHED TV
FETH 5.

#H OB
AR D HIZH 72, BIEFTAE R OEBE OFRED» 513, SUBHRIUTE L TRV 72720
720 T WAARBRWETIE, 7 A XM (AR 23wz 72nz, BIRE OB E
WY 5.
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