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Long-term changes in the concentration of dissolved arsenic and
its present supply in the Kusatsu hot springs, Gunma, Japan

Yoshikazu Kikawapa”, Satoshi Kawail” and Takao O1"

U Department of Chemistry, Faculty of Science and Technology, Sophia University,
7-1 Kioicho, Chiyodaku, Tokyo 102-8554, Japan

Long-term changes in the concentration of arsenic in these 40 years were investigated for
four hot springs, Kusatsu-Yubatake, Bandaiko and Kagusa No. 3 and No. 8, located in the
Kusatsu hot springs area in the eastern foot of Kusatsu-Shirane volcano, Gunma, Japan. The
drastic increase in arsenic content was observed only in Bandaiko between 1985 and 1998. The
concentration of arsenic in Bandaiko water showed good positive correlations with those of iron
and sulfate ions during that period. In addition, the arsenic content has fluctuated equimolecu-
larly with that of iron through the period. This suggests the major origin of the dissolved arsenic
in Bandaiko water is arsenopyrite. The drastic increase in the concentration of arsenic probably
have been caused by the accelerating oxidation-dissolution of arsenopyrite present in and
around underground hydrothermal reservoir, which started in 1970 since the hot spring issued
out, associating with the continuous intrusion of meteoric water containing a considerable
amount of dissolved oxygen. The concentration of arsenic in Bandaiko water is now around 10
mg dm”?, meaning that the annual supply of arsenic from Bandaiko water is about 49 ton y”*.
Bandaiko is by far the largest arsenic supplier in the Kusatsu hot springs area.

Key words: arsenic, Kusatsu hot springs, Kusatsu-Shirane volcano, secular change
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TableO a Analytical data of water chemistry of Kusatsu-Yubatake hot spring during

1965-2004.
Sampling  Water 8 Content (mg / dm®)

date”  temp.9 (C) P Na*® K'® ca*® Mg®? T-Fe”® A®® s cr® so2° As
650811 66.9 168 334 164 733 312 216 842 110 584 1450 1.7
660703 655 164 334 158 745 321 206 817 116 575 1410 0.95
670707 6.0 186 330 150 697 309 204 734 113 530 1310 0.75
680729 67.3 188 357 157 795 350 253 796 120 538 1320 0.84
690930 676 1.80 370 154 830 380 269 816 120 520 1280 0.79
700613 66.5 1.80 365 146 768 359 226 750 110 513 1240 16
710724 665 1.82 375 149 797 384 228 775 115 523 1270 1.1
720804 676 180 371 139 802 387 228 730 113 469 1150 1.2
730725 676 187 380 137 825 397 263 702 113 454 1110 0.76
740804 66.0 186 389 136 846 309 275 749 113 450 1100 0.65
750622 648 200 380 132 801 379 275 720 109 437 1070 0.66
760710 652 200 375 123 833 371 284 644 108 407 1020 0.59
770724 649 212 384 11.8 880 380 281 614 109 399 991 0.55
780726 647 108 405 116 902 383 244 587 105 308 085 0.67
790724 640 201 412 114 912 389 225 597 106 391 968 0.75
800725 63.6 108 401 113 848 362 177 592 102 387 956 0.50
810728 636 205 381 111 844 365 164 606 105 368 922 0.37
820823 633 210 371 109 818 360 165 592 104 370 1000 0.75
830728 627 198 352 104 745 338 170 537 103 310 875 0.14
840729 613 189 360 105 731 340 164 524 982 204 838 0.36
850725 60.0 197 399 116 705 327 156 497 99.3 287 836 0.31
860723 587 205 399 116 705 327 156 488 100 300 867 0.63
870724 577 206 440 140 693 291 160 482 95.2 307 876 0.31
880730 572 200 472 154 714 298 151 507 912 316 873 0.35
890727 578 194 499 163 693 303 167 494 964 320 867 0.19
900726 562 148 520 175 67.8 291 163 484 944 320 843 0.23
910725 563 206 536 192 669 290 155 472 91.0 329 854 0.19
920804 567 200 544 198 673 292 162  46.1 93.1 321 848 0.22
930727 559 205 548 203 638 278 156 46.1 89.8 319 830 0.27
940725 556 198 597 231 684 296 154 465 88.8 336 839 0.28
950805 553 187 619 243 717 300 148 507 886 357 847 0.31
960723 554 219 607 291 766 330 150 526 88.7 331 900 0.30
970807 543 204 612 244 799 329 16.0 510 904 357 815 0.30
980805 54.1 213 650 274 8290 356 149 553 91.3 349 849 0.47
990806 544 189 592 260 788 353 174 534 908 322 833 0.20
000806 54.1 202 602 243 725 343 178 502 924 321 890 0.35
010806 533 215 73.0 390 780 342 17.0 507 85.9 332 900 0.37
020727 530 207 712 321 800 374 164 578 901 348 914 0.24
030805 526 196 715 350 836 386 166 565 96.3 342 911 0.18
040728 519 185 738 354 819 379 157 604 833 374 931 0.07
a) 650811 means August 11, 1965.

b) T-Fe = Fe®' + Fe®".

c¢) The data cited from Ossaka et al. (1998) except those in 1996 - 2004.
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TableO b Analytical data of water chemistry of Bandaiko hot spring during 1970-

2004.
Sampling ~ Water 3 Content (mg / dm?)

date”  temp.® (C) pH Na'® K'Y ca® Mgm 9 TFeP9 APTO S cr9 s0.z9 As?
700720 872 1.60 455 19.0 87.5 44.0 8.6 79.0 197 770 1564 3.2
750731 91.2 169 543 19.1 106 48.9 12.8 78.2 187 713 1440 -

760731 93.9 1.69 476 18.3 82.9 42.7 2.8 69.4 192 77 1490 -

770802 934 1.75 448 17.3 784 48.7 2.8 69.7 186 685 1290 14
780731 95.5 1.72 461 16.2 76.4 43.8 2T 594 183 664 1220 -

790724 954 1.70 475 16.7 75.8 41.6 24 57.9 186 648 1210 1.6
800725 951 167 48.0 16.6 78.0 46.1 23 56.7 187 625 1220 15
810728 95.8 1.72 510 171 76.8 46.7 25 53.8 188 591 1180 15
821223 929 1.81 64.0 19.6 82.1 54.9 22 48.9 182 569 1140 -

830728 93.9 146 77.0 22.8 84.6 52.7 2.0 50.3 183 603 1140 1.5
840801 929 1.57 94.0 27.3 86.7 514 2.1 499 186 659 1140 16
850725 876 1.60 112 33.0 87.1 48.7 26 50.3 191 698 1160 2.6
860802 946 1.70 122 37.0 887 499 26 50.0 186 746 1170 2.9
870727 934 1.66 132 447 88.7 42.5 3.4 51.6 179 824 1260 37
880730 93.2 1.50 128 48.5 89.2 46.3 43 498 176 782 1267 54
890727 92.8 1.54 134 50.5 90.0 476 3.9 51.2 182 808 1301 53
900726 93.7 143 135 54.6 90.6 45.8 4.0 50.4 181 808 1299 6.3
910725 952 1.68 137 59.4 91.9 46.7 4.5 49.1 190 804 1321 6.6
920804 959 1.63 137 62.6 922 47.9 4.1 48.3 191 797 1317 6.7
930727 926 1.56 138 68.1 94.3 46.2 52 51.2 192 852 1342 7.9
940725 952 1.54 143 749 99.5 48.8 T2 554 195 907 1443 9.5
950802 94.2 1.54 142 76.1 102 50.3 6.8 54.5 193 874 1384 9.1
960729 91.4 1.49 165 88.4 107 53.9 6.4 51.1 194 943 1551 9.5
970803 953 1.60 160 81.8 110 59.3 73 516 200 990 1418 10.5
980802 949 1.51 164 93.7 97.0 47.0 8.7 54.4 201 984 1455 11.5
990806 90.0 1.51 164 81.0 116 66.8 7.9 57.2 200 944 1490 9.3
000804 93.1 1.59 151 76.8 108 62.6 8.5 63.9 202 1002 1679 9.6
010805 874 1.53 148 915 110 63.4 9.3 65.0 200 1000 1510 8.9
020727 91.8 1.73 138 804 115 65.4 9.3 63.3 195 945 1790 9.3
030803 93.9 1.57 135 79.9 105 57.0 9.5 61.2 208 1212 1778 9.8
040731 941 1.57 135 83.5 107 588 114 58.8 192 965 1821 10.9

a) 700720 means July 20, 1970.
b) T-Fe = Fe*" + Fe™".
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)
c) The data cited from Ossaka et al. (1998) except those in 1996 - 2004.
d) The data cited from Kikawada et al. (2004) except those in 2003 and 2004.
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TableO ¢ Analytical data of water chemistry of Kagusa hot spring (No. 3) during 1969
-2004.

Sampling Water o Content (mg / dm?)

date” temp? () M TNGT KT Ca¥ T MgPY T-Fe?? APY  SP Ol SOZY  As
690803 58.9 1.60 136 61.3 318 156 204 307 117 1945 3542 0.25
700714 54.6 1.59 113 52.0 258 127 177 276 105 1884 2987 0.16
710725 56.5 1.53 - - - - - - - - - -
730728 556 1.30 131 64.7 300 146 223 335 109 1956 3091 0.17
760727 55.0 1.41 136 84.2 299 143 395 481 104 2740 4161 0.33
780729 54.9 1.48 128 70.2 275 135 349 442 106 2201 3961 0.31
790801 56.0 149 132 73.3 282 138 358 450 113 2475 4085 0.49
800801 58.0 1.49 112 59.5 232 117 287 356 107 1923 3419 0.49
810801 55.0 1.51 126 64.5 268 133 302 387 101 2051 3577 0.33
830730 57.9 1.41 130 84.0 256 126 405 474 102 2306 4261 0.563
850801 55.2 1.48 128 94.5 250 118 511 526 97.1 2141 4823 0.48

860801 59.9 1.37 152 120 293 142 630 669 110 3653 5815 1.64
870803 59.8 1.16 151 117 294 145 604 681 113 3264 5961 1.80
880802 - 132 121 79.3 240 115 400 474 103 2213 3704 1.48

900804 62.4 111 136 85.1 281 141 406 500 114 2687 5161 0.86
940729 60.8 126 136 103 272 137 450 560 113 3055 4587 127
950803 56.9 1.37 100 65.6 232 144 258 318 103 2200 2721 0.48
960802 57.2 1.41 108 74.3 246 121 348 440 1056 2290 3012 0.91
970804 57.1 1.37 116 76.6 229 116 318 407 106 2330 3449 0.88
990803 55.7 1.61 104 59.5 197 97 213 252 102 1590 2840 0.35
000803 56.2 1.52 127 834 263 148 310 391 106 2167 3435 0.34
020730 54.2 1.38 116 85.5 224 128 308 387 106 2114 3286 0.42
030731 53.6 1.37 122 95.0 235 136 360 450 106 2384 3740 0.63
040802 494 1.65 139 104 281 116 277 460 103 2474 4065 0.37
a) 690803 means August 3, 1969.

b) T-Fe = Fe® + Fe™.

c) The data cited from Kikawada et al. (2000) except those in 2000 - 2004.

TableO d Analytical data of water chemistry of Kagusa hot spring (No. 8) during 1969

-2004.
Sampling Water oH Content (mg / dm®)
date®  temp. (C) Na* K*  ca®* Mg*® TFe? AP Si cr 8o’ As
690803 62.1 140 169 888 374 187 303 472 122 2961 4181 0.88

700714 543 1.40 122 63.6 262 132 200 320 100 1951 4340 0.49
710725 59.0 1.33 165 96.6 357 179 320 493 117 2940 4016 0.70
730728 53.0 1.30 162 162 338 168 338 503 108 2722 3875 0.65
860801 64.9 1.21 187 163 333 170 823 922 118 5153 7440 3.94
870803 66.1 1.00 186 155 334 170 842 894 115 4598 7789 3.43
880802 63.4 1.07 151 122 287 144 642 719 122 3762 5812 2.51
900804 66.8 0.91 178 130 329 170 655 758 128 4663 8374 1.99
940729 66.1 1.07 164 133 309 155 619 762 126 4155 6487 2.08
950803 61.6 1.10 121 105 275 134 497 606 119 3321 5708 1.67
960802 - - 117 98.4 312 155 563 699 120 3112 4996 1.91
970804 62.1 1.26 114 B87.6 223 113 385 504 106 2906 4461 1.19
990803 58.5 145 134 97.7 240 120 442 485 122 2170 4537 0.95
000803 62.1 1.25 157 127 318 152 536 675 119 3727 6168 1.1
020730 59.6 1.28 141 125 283 138 521 632 120 3582 5838 1.56
030731 61.2 1.16 158 144 300 153 586 727 121 4145 6511 1.99
040802 62.9 1.53 164 148 313 117 438 630 121 3947 5966 1.75
a) 690803 means August 3, 1969.

b) T-Fe = Fe** + Fe¥".
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Concentration of arsenic / mg dm™
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FigllD  Long-term changes in the concentration of

arsenic in (a) Kusatsu-Yubatake hot
spring, (b) Bandaiko hot spring, (c) Kagusa
hot spring (No. 3) and (d) Kagusa hot
spring (No. 8).
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Long-term changes in the concentrations of major dissolved components in (a)

Kusatsu-Yubatake hot spring, (b) Bandaiko hot spring, (c) Kagusa hot spring (No. 3)
and (d) Kagusa hot spring (No. 8). o : sodium; [0 : potassium; [0 : calcium; O : magne-
sium; O : iron; x : aluminum; e : chloride ion; m : sulfate ion; O : iron concentration
multiplied 10 times for Bandaiko hot spring waters in (b).
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Concentration of arsenic / mmol dm™
FigllD  Plots of the concentrations of iron (closed
circle) and sulfate (open circle) ions against
that of arsenic for the Bandaiko hot spring
waters collected between 1984 and 1998,
when drastic increase of the concentration
of arsenic in Bandaiko hot spring was ob-
served.
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TableD  Analytical data of arsenic concentration in
Yukawa river waters during 1976-2004.

Sampling o tent (mg dm®) Sampling ¢ tent (mg dm®)

year year

1976 0.35 + 0.01 1990 0.83 + 0.01
1978 0.31 + 0.01 1991 1.06 £ 0.02
1979 0.28 + 0.01 1992 0.83 + 0.01
1980 0.25 + 0.01 1993 0.85 + 0.02
1981 020 + 0.01 1995 1.11 + 0.02
1982 0.17 + 0.01 1997 1.79 £ 0.02
1983 0.17 + 0.01 1999 1.04 + 0.01
1984 0.30 = 0.01 2000 1.42 + 0.02
1985 0.28 + 0.01 2001 1.16 £ 0.02
1986 0.43 + 0.01 2002 1.37 + 0.02
1987 0.60 + 0.01 2003 1.96 + 0.03
1988 0.67 + 0.02 2004% 1.95 + 0.06
1989 0.62 + 0.01

+: Errors of gamma-ray counting on neutron activation analysis ( n=1)
except datum in 2004.
a) = shows the error represented as 90% confidence limit (n=3).
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Figll Long-term change in the concentration of

arsenic in Yukawa river water.
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Estimated values of total amount of arsenic supplied by hot spring

waters and transported by river water.

Average arsenic
content® (mg dm®)

Amount of arsenic
supplied/transported

Flow rate® (dm® min™")
(tony”)

Kusatsu-Yubatake

0.16 3111 0.26

Hot spring water Bandaiko 10 9270 49
Kagusa (No. 3) 0.47 25 0.006
Kagusa (No. 8) 1.8 32 0.030

River water Yukawa 1.8 33000 31

a) Average during 2002 - 2004.
b) Data cited from Hirabayashi and Mizuhashi (2004).

OoOOOFrg@M@OOOOOoOoooooooooo
FiglDOOOOOODOOOODOOoOOoooOOoOo
FiglDObOOOOOOOOOODOOOOOOOOO
coooooooOoocoobooooooooooooo
cobooOooooOooobooOmooocooooono
coooooooOoocoOoboocoobooooooooo
coooooooOoocoOoboocoobooooooooo
coooooooOoocoOoboocoobooooooooo
coooooooOoocoOoboocoobooooooooo
coooooooOoocoOoboocoobooooooooo
coooooooon

U CcoOoOooooobcoooo
uobooooooOoooobooooboooooooa
coooooooooooooooMmmoooo
oo ooMmoooooobooooooono
coooooooOoocoOoboocooooooooooo
OO0O00000000000000TableDM OO
0000000000000 U00O0OomMtony*OO
coooOooooocooboooobooooooooo
ooomooooboooobooooooooooooo
coooOooooocooboooobooooooooo
O00000Otny " 0000000000000
coooooooOoocooboocooooooooooo
000000000 O0O0dtony*00 OO
O0Doo000o00o00ooO0o0O0Utony* 00O
oo ooboooobooooooocooobooono
cooooomboooboooocoboooooooo
od
obooooO0ooOoOooboooooOob0OmtonO
coooOooooOoocooboooobooooooooo
coooOoooobomonOOO0OD0OO0OOO0O0OOO
coooOooooocooboooobooooooooo
coooOooooocooboooobooooooooo
coooOooooocooboooobooooooooo

oomoooooocoooooobboooobooono
coooboooboooobooooooocooobooono
coooooo
cooboooooocoobooooOooOoboOooooo
cobobobooobo0ooOooobooooboooo
coooocooboooobooooooocooobooono
coooocooboooobooooooocooobooono
coooocooboooobooooooocooobooono
coooocooboooobooooooocooobooono
coooocooboooobooooooocooobooono
coooocooboooobooooooocooobooono
coooocooboooobooooooocooobooono
coooocooboooobooooooocooobooono
coooocooboooobooooooocooobooono
cooooooooocoooo

gogo 0O 0o

cooboooooocoobooooOooOoboOooooo
coooocooboooobooooooocooooono
coooocoobooooooooOooOobocOoOonoOoom
cobobobooOmoocooooooboboooobooono
coooocoobooooboooooobocooobooono
0000000@mgdm*00000000O0OOO
O0@tony"0 00000000 0OOOOOOOO
coooooooo

coobOooooocoobooooooOoboOooooo
coooboooboooobooooooocooobooono
coooboooboooobooooooocooobooono
coooboooboooobooooooocooobooono
coooboooboooobooooooocooobooono
coooboooboooobooooooocooobooono
cooooooboooboooo

coobOooooocoobooooooOoboOooooo
coooboooboooobooooooocooobooono



gobobooobooooooooobooOooboocOooboooooog 135

cobobO0oOd@tonOO0O0O0OO0O0O0DOOOOOOOO
coooooooocooboooobooooooooo
coooooooo

o 0O

uobooooooooobooooboooooooo
coooooooocooboooobooooooooo
coooooooocooboooobooooooooo
cooooooooooooocoboooooooo
oo

uobooooooOooooboooobooooooonoo
coooooooOoocoobooooooooooooo
coooao

uobooooooMmmooo@moooocoooon
omobooooboOnooomoboooooono
oMmoooooooooooo

g O

0000 oooobO0oboooooooooogg
oo0oOoOooosooo+oo

000000000000 oooooooomog
goooOoOoOoOoOoOOOOOOOObObOObOO
0000000000000 O0Os3Um+oo

0000000000 oooommmoooogogg
gooooOoOoOoOoOoOOOObOOObObOObOo
gooooOoOoOoOoOoOOOObOOObObOObOo
604100

0000000 O0oMmooooooooooog
goooOoOoOoOoOOOOUOOOOObOOOOO
00000 oOoo+Haoo

gooo0o0o0o0oOooooooogoooooog
go0oooooooOoOoOooOoOOoOoOoooo
goo0oOoO0O0OO0COOO0OOOUooOOoD4ao

0000000000 ooooooooogomg
goooOoOoOoOoOoOOOUOOOOObObOObOOO
g000C0oOO0O0oOOooooooosoOm+oa

0000000000 ooooommmouoooogg
O00opoO0oU0oooooUoooooooOoo
0 0 3s0M+10

Kikawada, Y., Kawai, S. and Oi, T. (2004) Determi-
nation of arsenic and bromine in hot spring wa-
ters by neutron activation analysis. J. Ra-
dioanal. Nucl. Chem. 261, 381-386.

00000 ooooooDoooooooog
0 mOo+Hmo

0000 ooOoOoOoOoOoOoOoOOooOoUooo
00ooooooooooooooooooog
00ooooooooooooooooooog
00o00ooooom+no

0000000 ooOoOoOoOoOoooooo
ooo0ooooUoopooooooouooog
le0m+00d

00000000 oOoOOoOOoooooo
0000oooouoooooooog2zmad

McKibben, M. A. and Barnes, H. L. (1986) Oxidation
of pyrite in low temperature acidic solution:
rate laws and surface textures. Geochim. Cos-
mochim. Acta 50, 1509-1520.

Nesbitt, H. W. and Muir, 1. J. (1998) Oxidation
states and speciation of secondaryproducts on
pyrite and arsenopyrite reacted with mine
waste waters and air. Mineral. Petrol. 62, 123-
144.

O0o0o0oOooDoo0ooDoooooooooo
0017000400

goo0o0oOoO0OoOOoO0OOU0ObDbOoOUoOoUUoooog
00ooooooooooooooooooog
oo000oooOnogooooooooooo* ™
0" 000o0ooo0oooooooOooo310on
4110

goo0oOoO0O0OoOO0oO0OOO0ObObOoUoUoUUooog
0000000000000 ooomMoooo
00oooooooooooooooooogg
0o0o0ooooo47o0o+4og

gooo0oO0O0OoOO0OO0OOU0ObObOOoUoUoUUooooog
Jooo0o0o0o0o0o0oo0oobooooooo
000 insitu0 0000 D0OO4100

Richardson, S. and Vaughan, D. J. (1989) Arsenopy-
rite: a spectroscopic investigation of altered sur-
faces. Mineral. Mag. 53, 223-229.

0000000000000 O00OO0O0UOOOIMo
goooo0ooooooooooo

00ooO0oOopOooooOoOO0o0oooOoooDOooOooo
000000000000 oooooMmMuoo
00ooooooooooooooooooog
47004100

go00ooooOoOoOoOoOoOoOoOoUOOoboOoUooo



136 ooo o0 ooo g goo o 0O O

O00000oOoooooooooooooooa Zhenmin, G. and Dexian, L. (2004) A Kkinetic
000000000 0DbOO0ObOOoOooOoooooon study of the oxidation of arsenopyrite in acidic
000000D0O04a00 solutions: implications for the environment.

Yunmei, Y., Yongxuan, Z., Williams-Jones, A. E., Appl. Geochem. 19, 435-444.



