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Abstract

An model is proposed for the lake water of Yugama crater on Kusatsu-Shirane volcano, where the observed
enrichment in D and *O of lake water is attributed to two factors, one is the addition of isotopically heavy end
member associating Cl. Another factor is the evaporation effect from lake surface. We divided the observed
enrichment into two parts which correspond to the two factors based on the correlation among three parameters;
one is the isotopic ratio of lake water, two is the difference in temperature of lake water and ambient air, and
third is the CI- concentration of lake water. The 70~80% of the isotopic enrichment was estimated to be due to
the evaporation effect, and the rest was contributed by the addition of heavy end member. The heavy end
member could be a hydrothermal liquid phase coexisting with a vapor phase, both of which are created after the
mixing of local meteoric water and a magmatic fluid represented by the andesitic high temperature volcanic
gases. The temperature of the vapor-liquid coexisting zone was estimated to be about 200°C. A part of the
liquid phase is mixed in the spring waters located on the east flank of Kusatsu-Shirane volcano. The other acidic
hot springs distributed on the flank of the volcano is the mixture of the local meteoric water and the magmatic
fluid. The vapor phase coexisting with the liquid phase is discharged on the flank of volcano as fumarolic gases.
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Table 1  Monthly averages for the temperature of lake water and ambient air.
date water air date water air date water air
(month/year)  (C) () (month/year) () (C) (month/year) (C) ()
Jan.88 2.10 -9.09 Jan.91 2.85 -11.08 Jan.94 2.25 -10.45
Feb.88 2.48 -12.99 Feb.91 275 -11.49 Feb.94 0.93 -11.09
Mar.88 2.712 -7.32 Mar.91 6.17 -4.48 Mar.94 3.95 -8.96
Apr.88 6.58 -1.68 Apr.91 12.81 1.11 Apr.94 8.12 0.58
May .88 10.27 3.77 May.91  15.70 5.09 May.94 14.69 6.14
Jun.88 15.28 9.38 Jun.91 21.28 10.97 Jun.94 19.92 9.97
Jul.88 19.53 12.59 Jul.91 23.60 13.91 Jul.94 25.01 1505
Aug.88 21.41 15.04 Aug91 25.62 14.23 Aug.94 27.84 15.98
Sep.88 21.19 10.95 Sep.91 24.00 11.47 Sep.94 26.81 12.72
Oct.88 16.13 2.52 Oct.91 19.48 551 Oct.94 19.17 5.08
Nov.88 6.21 -5.11 Nov.91  13.95 -1.78 Nov.94 13.99 -0.55
Dec.88 2.46 -7.3 Dec.91 9.41 -5.35 Dec.94 6.27 -6.25
Jan.89 3.47 -7.31 Jan.92 4.31 -8.92 Jan.95 2.15 -10.99
Feb.89 3.09 -7.92 Feb.92 293  -10.49 Feb.95 2.06 -10.25
Mar.89 3.20 -6.85 Mar.92 5.72 -4.75 Mar.95 3.49 -6.87
Apr.89 6.05 -0.59 Apr.92 10.12 -0.44 Apr.95 6.81 -1.48
May.89 10.33 443 May92 12091 3.03 May.95 13.5 5.41
Jun.89 15.84 8.69 Jun.92 19.74 8.73 Jun.95 17.51 9.12
Jun.89 2041 11.88 Jul.92 21.62 12.37 Jul.95 21.99 15.10
Aug.89 23.19 14.51 Aug92 2499 14.18 Aug.95 26.40 14.83
Sep.89 21.99 11.64 Sep.92 23.16 8.71 Sep.95 21.49 8.64
Oct.89 16.49 5.49 Oct.92 18.25 3.95 Oct.95 18.83 5.29
Nov.89 11.57 -0.31 Nov.92 13.07 -0.78 Nov.95 10.72 -3.91
Dec.89 5.10 -6.92 Dec.92 7.68 -6.58 Dec.95 3.00 -9.93
Jan.90 2.56 -10.82 Jan.93 3.67 -8.85 Jan.96 2.62 -10.40
Feb.90 5.39 -5.69 Feb.93 2.14 -9.51 Feb.96 3.66 -11.11
Mar.90 5.11 -6.23 Mar.93 3.71 -8.11 Mar.96 2.13 -7.39
Apr.90 5.74 -0.43 Apr.93 6.53 -2.35 Apr.96 5.55 -4.12
May.90 nd nd May.93 1265 4.43 May.96 11.06 4.06
Jun.90 nd nd Jun.93 18.43 9.28 Jun.96 18.54 10.83
Jul.90 24.21 15.15 Jul.93 21.78 12.21 Jul.96 22.74 14.39
Aug.90 25.62 156.27 Aug93 23.25 13.39 Aug.96 2591 13.82
Sep.90 23.66 11.45 Sep.93 22.18 9.79 Sep.96 23.13 9.07
Oct.90 19.29 4.45 Oct.93 17.18 2.92 Oct.96 18.44 3.69
Nov.90 13.97 0.72 Nov.93 12.94 0.54 Nov.96 12.74 -1.49
Dec.90 9.16 -6.00 Dec.93 6.53 -6.96 Dec.96 6.98 -6.74

nd: no data
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Table 2. Annual averages for the difference in temperature between lake and air,
the CI concentration of lake water, D/H and *0/'°O shifts in lake water relative to
local meteoric water.

year AT a AD A*O AD(I) AD(C) A®OM A®0Q)
(C) (ppm) (%) (%) (%) (%) (%) (%)
1988 9.65 1823 17.2 5.11 13.9 3.8 4.02 0.94
1989 9.45 1660 18.6 5.24 13.6 35 3.94 0.86
1990 12.15 1969 20.8 5.79 17.5 4.1 5.07 1.02
1991 12.44 2701 217 5.83 17.9 5.7 5.19 1.39
1992 12.27 3283  24.1 6.55 17.7 6.9 5.12 1.69
1993 11.18 3102 220 6.54 16.1 6.5 4.66 1.60
1994 11.53 3029 237 6.59 16.6 6.4 4.81 1.56
1995 11.00 2667 23.3 6.37 15.8 5.6 4.59 1.38
1996 11.55 2716 21.8 5.86 16.6 5.7 4.82 1.40
average 11.25 2550 215 5.98 16.2 5.4 4.69 1.32

AT; annual average in the difference of temperature between lake and air. AD, A '®O; shifts in the 8 D
and ¢ '*O of lake water relative to local meteoric water. The local meteoric water was defined to be -79%0
and -11.8% to SMOW of ¢ D and 4 '*0, respective respectively. AD(T), A '*O(T); enrichment in & D
and 6 '*O of lake water by evaporation.

AD(CI), A"®O(Cl); enrichment in 8 D and d '*O of lake water by the addition of a heavy end member
containing CI".

pHIZ 1 HIfR 2R ¥ BERIEFROFEBHHAOMOTTIHRL B BRI STV KOMT, #AD
BERSRPHMOMEEICE L TE L D% S 5 (6] 212, Takano and Watanuki, 1990; Ohsawa et al.,
1993; Ohba et al., 1994; /MR &, 1997; Takano et al., 1997; Ohba et al., in press) o B R T. ¥ KFE# AR A
WEATIE, WAR, XONORIRT ERFEEE LEEIAOBMIFTIE% L TV b, Table 112k
BB L TKONTIRD A FEL RT, HICHENTEE LKL RIBDZEDEFE % Table
AR, TLEEOHEA 1 MBEOWMKLITRML, #MADLERS B L ORMIALE#IEL T
7Z#ER % Table 317R$ o Table 3IEWVTHE LB EMADCIERE, RERMAN (DM, *0/0)D
B % Table 21078 T o RERALAEL DO EFIHMEIZ B H KK (local meteoric water) FIHLAR 2> & D
REL LTRLZZ. BEARICBY) 2 BHRAORMALERET 57O BEUNOMBA, T
K, BEXKONITEL SN TV AN DK% &% REUHT LS E % Table 41577 L 720 E@EARILO
ITEFMOILBNUE BRI B EhTw b, T IUBICESKOREKOBEENESRSL, ZHE
ERKDCIRE, FREL, BERORMALSHRER % Table 51257 T KA R DT IZ0zawa
(1968)DTTEILED V72 DH, "O/OlDHFEIFZN 2N, H,-H,OF % (Ohba and Hirabayashi,
1997), CO,-H,0°F#%: (Epstein and Mayeda, 1953) T4T - 72,
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Table 3 Isotopic ratios and CI' concentration in Yugama lake water

2R

date  ODaow 0%Cyow CI date 0Daow  00aow  Cl
(month/year) (%) (%) (ppm) (month/year) (%) (%) (ppm)
Apr-88 -57 -6.2 1980 Jul-92 -59 -5.7 3280
Jun-88 -58 -6.6 1900 Aug-92 -57 -5.2 3370
Jul-88 -60 -6.9 1820 Oct-92 -51 -4.7 3590
Jul-88 -65 -6.8 1850 Oct-92 -52 -4.8 3360
Sep-88 -65 -6.9 1780 Nov-92 -51 -4.4 3530
Oct-88 -66 -7.0 1720 Jan-93 -56 -4.6 3320
Oct-88 -64 -6.8 1780 Mar-93 -53 -4.9 3120
Oct-88 -62 -6.6 1760 Apr-93 -57 -5.1 3170
Jan-89 -58 -6.2 1730 Jun-93 -58 -5.4 3100
Feb-89 -59 -6.3 1750 Jun-93 -57 -5.5 3060
Apr-89 -61 -6.6 1690 Jul-93 -61 -5.8 3010
May-89 -63 -6.8 1640 Sep-93 -60 -5.7 3020
Jul-89 -64 -6.9 1680 Oct-93 -58 -5.5 3110
Jul-89 -64 -6.9 1690 Nov-93 -56 -5.1 3030
Aug-89 -61 -6.8 1580 Jan-94 -54 -4.9 3110
Aug-89 -60 -6.8 1610 Feb-94 -57 -5.7 3090
Oct-89 -59 -6.5 1570 Mar-94 -51 -5.7 2990
Oct-89 -61 -6.5 1620 Apr-94 -55 -5.7 2960
Nov-89 -60 -6.5 1690 May-94 -58 -5.6 2970
Nov-89 -59 -6.3 1670 Jun-94 -58 -5.5 3090
Jan-90 -62 -6.3 1800 Jun-94 -60 -5.6 3070
Apr-90 -62 -6.4 1880 Jul-94 -60 -5.4 3130
Apr-90 -61 -6.3 1830 Sep-94 -53 -4.7 3070
May-90 -61 -6.4 1760 Oct-94 -53 -4.6 2930
Jun-90 -60 -6.3 1870 Nov-94 -53 -4.2 2910
Jun-90 -59 -6.3 1910 Jan-95 -50 -4.3 2900
Jul-90 -57 -6.1 1920 Mar-95 -51 -4.9 2960
Jul-90 -56 -6.0 2010 Apr-95 -56 -5.4 2830
Aug-90 -54 -5.7 2080 May-95 -56 -5.7 2620
Aug-90 -55 -5.8 2010 Jun-95 -58 -5.7 2560
Sep-90 -57 -5.6 2190 Jul-95 -60 -6.4 2360
Nov-90 -56 -5.4 2380 Aug-95 -58 -6.0 2490
Apr-91 -60 -6.4 2590 Sep-95 -58 -5.6 2580
May-91 -58 -6.0 2550 Oct-95 -57 -5.4 2590
Jun-91 -59 -6.1 2630 Nov-95 -56 -5.2 2790
Jul-91 -58 -5.9 2770 Jan-96 -56 -5.5 2680
Sep-91 -56 -6.0 2770 Feb-96 -58 -6.0 2700
Oct-91 -57 -6.1 2720 Mar-96 -57 -6.1 2580
Nov-91 -55 -5.6 2880 Apr-96 -58 -6.1 2570
Mar-92 -55 -5.4 2960 May-96 -58 -6.2 2510
Apr-92 -55 -5.6 2960 . Jun-96 -58 -6.5 2530
May-92 -55 -5.8 3280 Jul-96 -60 -6.4 2790
Jun-92 -55 -5.7 3270 Sep-96 -56 -5.8 2810
Jul-92 -60 -5.8 3250 Oct-96 -58 -5.7 3230
Nov-96 -56 -5.4 2760
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Table 4 Isotopic ratio of water with meteoric origin around Yugama lake

category location date O Dswow 6 "Oswow
yy/mm/dd (%) (%)
lake water Mizugama 1994/7/28 -67 -9.7
lake water Yumiike 1994/7/27 -67 -9.5
lake water Nozoriko 1994/8/31 -78 -12.2
lake water Karagama 1994/7/27 -52 -6.4
lake water Kagamiike 1994/8/19 -43 -4.8
rain ‘Yugama crater 1989/11/15 -82 -13.2
rain Yugama crater 1990/6/19 -78 -11.4
rain Yugama crater 1990/7/18 =77 -11.0
rain Yugama crater 1990/8/22 -84 -11.9
rain Yugama crater 1990/9/26 -80 -11.9
SNow Yugama crater 1995/1/12 -76 -14.1
stream Yugama crater 1992/7/29 -85 -12.3
stream Yugama crater 1992/7/29 -80 -11.2
stream Yugama crater 1992/7/29 -76 -10.2
stream Yugama crater -79 -11.8
10 wp* 3.6 1.14

rain, snow and stream water are averaged for the local meteoric water
around Yugama lake.

Table 5 CI' concentration and isotopic ratios of hot spring water and fumarolic gas

category location date Ccr ODwow 0 Owow

yy/mm/dd (ppm) (%) (%)

hot spring Kagusa 1991/8/4 4850 -69 -8.1
hot spring Kagusa 1991/8/4 3270 -74 -9.2
hot spring Jyofu 1991/8/2 1320 -80 =112
hot spring Bandai 1991/7/28 793 -78 -10.9
hot spring Kusatsu 1991/7/25 289 -80 -11.6
hot spring Kusatsu 1991/7/25 288 -80 -11.6
hot spring Kusatsu 1991/7/25 274 -80 -11.6
hot spring Gunma-tetsuzan 1991/7/28 410 -81 -118
hot spring Karabuki 1991/7/27 1000 -72 -9.1
hot spring Manza-yubatake 1991/7/30 164 -85 -12.6
hot spring Okumanza 1991/7/30 56 -85 -12.8
fumarolic gas north flank of summit 1989/7/4 ud =55 4.3
fumarolic gas north flank of summit 1989/7/31 ud -51 -4.3
fumarolic gas north flank of summit 1989/11/6 ud -52 -4.3

ud: under the detection limit
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Fig.1 D/H and '®0/"O ratios of water. Closed circle, lake water of Yugama; Open
circles, water of lakes located around Kusatsu-Shirane volcano; Open diamond,
local meteoric water around Yugama lake; Closed diamond, average of the local
meteoric water; Shaded region, water vapor in high temperature volcanic gases
defined by Kusakabe and Matsubaya (1986), and Giggenbach (1992).
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Fig.2 Monthly average temperature of air measured within the Yugama crater.
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Fig. 3 (a) Change in the annually averaged Yugama lake
temperature differential from the ambient air.
(b) Change in the annual average of Cl concentration
in the lake water of Yugama.
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Fig.4 Change in the annual average of D/H ratio of lake
water in Yugama crater for (a), and the '*0/'°O ratio
for (b), indicated as the difference from the ratios of
local meteoric water, D and & *O of which are -
79 and -11.8% to SMOW, respectively.
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Ho7z 75’, # E@{,—szﬁl IETE Table 6 Sensitivity of lake water to the isotopic enrichment due to the difference

TL7e CZOEREIZE»SH in temperature between lake and air, and due to the addition of heavy end
e member indexed by CI concentration in lake water.

BT, BT 5

ERTKOFTAIKET T

isotopic a b 68% confident range for b
HrEBCE VBT 2720 ratio (%/C) (%o/ppm) (%/ppm)
ERDbND, #kDORMAL D/H 1.44 2.10x10° 1.11X10°~3.10x 10
BEICE L 2B D T NIIKIE *0/°0 0.417 5.16 <10 1.88X10*~8.44x10™

ERIRDEDNKE L Y #EZ
ﬁ@hu&%:at%gwtbﬁlmﬁﬂméhaawﬁ:omﬁ%mﬁﬁiéo%%iuﬁ%m%
13 2 72 0BCEMGLO SR KM INT 2HEIERICENT 2, 207-O—EDHTIXATO
ZALCETENTRAMEOEE NG T 5, BB L B O B M OB & F Ut £ TS
ERRAT 2 LICEDERENLD, BFHELFIAT 2 LA TAODICATE BARM &
WOBOHBEI L LAKTT %,

EEMRERT 2MKOERZDORELHE, ADMT)IE,

AD(M) =aD) AT @3)

THEZOoN%, ZZTaD)IDHILICET 25 0% ET, EREICONT bERBICERT RELR
EIZRARLS,

ABO(T) =a(30) AT (4)

THXONE, EORUITL ) BEITOVTEHE L72fE% Table 2177 T 0 EVEBESOMNINCERY
LK DEKRFEORE LAE, ADCHIE,

ADCH=bD)C (5)
T%i%ﬂéo:ZFMD@DMKﬁTéﬁﬁﬁﬁﬂqCmmm®ﬂﬁﬁ®$¥@ﬁ%ﬁ?oﬁﬁi
IZDWT b FEIKELC,

ABO(CI) = b(*0) C  (6)
ﬁ&ﬁ#éoL@ﬁt;b%ﬁmowfﬁ%Ltﬁ%nWﬂuiﬁo:n%w%%uiak,ﬁm
DREFIRKIH T 2 FAERE LRI ECHAOERICL 2 0TH ), BUBRSORINICE2E
51320~30% R EICE 5,
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EHBLESDVEINTVD EEZ DA ENTH 5,

FIZEUEE O KITRIE N2 BIRO KA A DRFZE46] (Matsuo et al., 1982; Mizutani and Sugiura,
1982; Shinohara et al., 1993; Taran et al., 1995; Giggenbach, 1987) i2 & 2 & , BIRO KA A DHCI
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Fig.6 D/H ratio and CI concentration of Yugama lake water, hot springs and fumarolic
gases for (a), and the '®0/'°O ratio for (b). Closed circles, Yugama lake water;
Closed rectangles, Kagusa and Jyofu hot spring waters; Open rectangles, acidic
hot springs other than Kagusa and Jyofu; HTVG, high temperature volcanic gases;
Lp, liquid phase with temperature variation; Dotted lines, upper and lower limits
of coefficient bin eq.2; Solid line, regression line for Kagusa and Jyofu hot springs.
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Fig.7 Geochemical structure for the hydrothermal system of Kusatsu-Shirane volcano. (a); Isotopic ratio and CI-
concentration of fluids involved in the hydrothermal system. (b); Schematic structure of hydrothermal system.
M, degassing magma; HTVG, the high temperature magmatic fluid; MW, local meteoric water; Pf, a parental
fluid; Vp, vapor phase; Lp, liquid phase; eMW, isotopically enriched meteoric water; F, fumarolic gas on
north flank; Hse, the hot springs on east flank (Kagusa and Jyofu spring); Hs, the acidic hot springs on the
volcanic flank.
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