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Abstract

The cause of Matsushiro Earthquake Swarm is interpreted in terms of deep ground
water intrusion into seismogenic layer. The swarm earthquake had been extremely
active for 3 years from 1965. A vast amount of ground water was springing out from the
ground for the active period. Ground water mixed with the deep water is still upwelling
on the surface at the Matsushiro area. In order to know characteristics of the ground
water, we compiled all of the published data on chemical analysis of ground water around
the Matsushiro area and analyzed at present many ground water specimens from the
area. The results are as follows. (1) Concentrations of the major components of CI™ and

Na™® in all over the sites have approximately a linear relation. Time variation in

concentrations of CI~ and Na™ at one site also has linear relation. These relations suggest
that the variations in chemical composition among sampling sites and sampling times are
due to mixing of shallow thin ground waters with a concentrated deep ground water
with various ratio. (2) If examined in detail, the coefficients, that is slopes of the linear
relation are different a little with each other. The difference can be explained in terms of
the chemical reaction between rocks and water. Cl- does not change but Na*t changes
with the reaction. Further, the slopes indicate that Cl~ concentration increases linearly
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with depth but Na® does not increase linearly. Na® concentration is estimated to be
step-like distribution with depth. (3) A shallow earthquake of M 4.0 occurred just below
the area during our water sampling time. Water upwelling rate, water temperature and
concentrations of CI~ and Na™ are changed abruptly. The changes can be explained in
terms of mixing of neighboring ground waters. (4) Unusual concentrations in CI~ and
Na™ were observed in water specimens obtained from some of sampling sites before one
and a half months of the earthquake. Unusual chemical compositions were also observed
in water specimens obtained from a sampling site in a period from a week to 5 weeks after
the earthquake. These phenomena are interpreted that mixing with a ground water with
different ratio of Cl~ to Na' takes place with the earthquake.

Key words : Matsushiro Earthquake Swarm, Deep ground water, Ground water chemis-
try, Earthquake chemistry, Water induced seismicity
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Fig. 1 Locations of measurement points of springs (O). Each number corresponds to that in Table
1. The area between two lines indicates a zone of the buried Matsushiro earthquake faults.

Base map is 1:25,000 “Matsushiro” topographic map issued by the Geographical Survey
Institute.
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Table 1 Measurement points (each number corresponds to that in Fig. 1).
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Fig. 2 A schematic drawing for explaining the Matsushiro Earthquake Swarm.
The deep ground water rises up into the focal area while causing the
earthquakes. Finally, water overflows on the surface.
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Table 2 Water qualities of individual spring waters analized
Tem. E.C. Li’ Na“
No. Name Date o s/m PR mgn (me
1 Matsushiroso well 2000/10/12 6.8 3,320
2 Ichiyokan well No.l1 (B) 2000/10/12 37.2 1.66 6.17 3.8 2,100
3 Ichiyokan well No. 3 (c) 2000/10/12 40.7 1.70 6.21 4.2 2,220
4 Showaryo spring No. 1 2000/10/12 28.7 0.86 6.05 0.7 586
5 Showaryo spring No. 2 2000/10/12 23.2 0.44 6.15 0.6 363
6 Tamayorihimenomikoto-Jinjamae 2000/10/12 110
7 Matsuinoizumi 2000/ 6/ 4 17.2  67.4mS/m 0.02 48.7
8 Onsendanchi well No. 1 2000/10/12 30.6 6.76 7.90 3,550
9 Onsendanchi well No. 2 2000/10/12 23.6 1.15 6.10 6.70 2,710
10 Matsushiro-Onsenkominkan 1999/ 2/12 6.16 3,400
11 Showaryo spring No. 3 2000/10/12 23.5 0.53 5.77 0.50 434
12 Komoinoizumi 2000/ 6/ 4 17.8 63.7TmS/m 0.05 69.2
13 Ichiyokan-Minami 2000/10/12 26.6 0.99 6.05 1.40 799
14 Minakamiyma-Sancho-Ike 2000/ 6/ 4 17.2  21.9mS/m 0.00 5.13
15 Showaryo 2000/10/12 6.90 3,370
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Fig. 3 Plots of Na™ content against CI~ content in ground waters in the Matsushiro Earthquake

Swarm Area (1994-2000). W : Matsushiroso, 4 : Ichiyokan well No. 3, < : Ichiyokan well No. 1,

X : Showaryo spring No. 1, A
and + : Matsuinoizumi.

: Showaryo spring No. 2, O : Tamayorihimenomikoto-Jinjamae,
Line-A is the best fit line for the data.
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in this study (each number corresponds to that in Fig. 1).
K Ca*' Mg?"  Total Cat. F Cl Br NO; SO Total Ani.
(mg/1) (mg/1) (mg/l)  (meq/l)  (mg/l) (mg/1) (mg/1) (mg/1) (mg/l)  (meq/l)
423 1,220 290 241 5.46 8,310 15.8 308 241
271 1,230 261 182 5.43 5,900 10.8 295 173
255 1,340 312 196 4.82 6,430 10.1 331 189
49 887 223 90.1 5.17 2,460 5.90 199 73.9
28.3 427 121 47.8 1,160 122 35.3
30.5 504 172 44.9 2.37 1,030 2.72 180 33.0
4.06 64.4 13.7 6.57 0.62 124 0.49 5.94 43.5 4.54
485 816 179 223 5.70 7,900 11.3 191 227
367 805 125 179 5.99 5,640 9.05 204 164
459 624 300 216 8,730 167 250
40.3 565 156 61.2 5.23 1,560 4.89 143 47.3
5.48 32.5 20.5 6.46 0.65 76.7 2.93 55.3 3.39
116 1,000 197 104 5.00 2,970 6.42 227 88.9
9.75 15.2 0.00 1.23 0.10 6.91 0.05 12.0 1.80 0.43
422 1,210 299 243 5.00 8,430 13.8 311 245
Cl[mg/1]
50001 .
45001 b
4000f 7
35001 1
30001 '
2500F .
20001 .
15001 :
1000+ .
E 3 F 3
B N
1965 1966 1967

Fig. 4 Rapid increase in CI~ concentration in the hot water from the Ichiyokan well (No. 1)
in the period from 1965 to 1966 (after Noguchi et al. 1969).

CEfLLicc Ecmoensd (B0 - fi, 1969, FH, 1976 &), Fig. 4 (&, 1966 HE~1967 240
D, —BGiE 1 BERO Cl A 4 vBEOZbZRLcbDThH S (B - fih, 1969). 1966 49 FALH
GRIEH KD LRESRKRE ML &%
RLTWA, 20Dk, Cl A A4 Vi3 1968 FELA F TO]ic 5500 mg/l Hijfg % T LEF L, LIRIZIHE

Clr A 4 VIREIFA LA Lch, Thid 2o,
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Fig. 5 Plots of Na* content against ClI~ content in the hot water from the Ichiyokan well No. 1.
Data after Okusawa and Tsukahara (2001), Geol. Surv. Japan. (1979a, b), Kakegawa (1968),
Kasuga (1976), Kitano et al. (1967), Matsushiro Public Health Center (1967 a, b, c), Noguchi
(1967), Noguchi (1968), Noguchi et al. (1969), Noguchi et al. (1970), Tsurumi (1979), and
Umemura and Harada (1968 a, b). Line-B is the best fit line for the data.
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Fig. 6 Plots of Na* content against ClI~ content in the hot spring water from the Ichiyokan wells.
<> @ Ichiyokan well No. 1. 4 : Ichiyokan well No. 3.
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(b)

and temperature of the hot water

from the 86 m deep Ichiyokan well No. 1 immediately after the M 4.0 earthquake occurrence.
(b) Temporal variation in the concentrations of Na*, CI~ and temperature of the hot water from

the 122m deep Ichiyokan well No. 3 immediately after the M 4.0 earthquake occurrence.



551 % (2002) MAEEFMEEICE LT 2 I FKOE FIRIC & &7 5 (b Elkn 21t 157

120

115 |

110

—_
(=]
[}

Na‘Tmeq/1]
8

o e*
95 line-D1 g ® " line-D3
o B
90
85 |
80 . ‘ ‘ . < ‘ . . .
150 155 160 165 170 175 180 185 190 195 200
Cl'[meq/1]

Fig. 8 Plots of Na* content against CI~ content in the hot water from the Ichiyokan well just after
1999. 10. 29 M 4.0 earthquake occurrence. <> : Ichiyokan well No. 1. 4 : Ichiyokan well No. 3.
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Fig. 9 Plots of Na" content against CI~ content in the hot water from the Ichiyokan well in the
period from Dec. 1998 to Oct. 2000. <> : Ichiyokan well No.1. 4 : Ichiyokan well No. 3. M-
group are the data obtained in a period from a week to 5 weeks the M 4.0 earthquake. The data
with 1999.9. 11 is that of 1.5 months before the M 4.0 earthquake. Line-E are the best fit lines for
the data except those on 1999.9. 11 and M-group.
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{Surface water: Cl, Na, Ca)

{Deep original water: Cl, Na)

Fig. 10 A schematic drawing for explaining the variation in chemical composition of upwelling
ground water. Deep ground water obtains Ca’" from rocks and loses Na® during its upward
migration through cracks. The shallow water is enriched in Ca?". Ground water observed on
the surface is a mixture of deep and shallow ground waters with its own ratio.
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Fig. 11 A schematic drawing of variation in Na* concentration with depth. Na*® concentration has

been changed with reaction between rocks and ground water. Ground water in an aquifer with
the same rocks becomes almost the same concentration of Na™ after long reaction time.
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