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ABSTRACT 

The Kuju-iwoyama area shows the most intense so l fa ta r i c  
a c t i v i  l y  i n  central Kyushu,Japan. I n  the area,we measured 
heat and water discharges by fumaroles , steaming 
grounds , hot springs and therral  conduction. The to ta l  
heat and water disrliarges amount to 9Y.2 MU and 235 T/H, 
respectively. Such a large discharge 'rate and high 
fumarol i c  temperatures amounting to 5002: suggest the 
upward transfer of magmatic steam f low. Anomalously 
high seismic noise level was observed a t  the so l fa ta r i c  
area. The amplitudes. of the seismic noise have a close 
correlat ion w i  th  the surface lieat discharge rates. Such 
a fact  suggests ttrat the o r ig in  of  the seismic noise i s  
the motion of the steam and/or phase clrange o f ,  water 
under the near-surface. A temporary seismographic 
network ras instal led around act ive so l fa ta r i c  arr:a.Aa a 
result; very act ive seismic act,ivi t y  has been c l a r i f i e d  
i n  and around tlie so l fa ta r i c  area. Based on the detai led 
hypocenter d is t r ibut ion.  we can discuss the heat 
transfer process below such an act ive so l fa ta r i c  area. 

I NTKODUCT ION 

There are many act ive and dormant volcanoes i n  central 
Kyushu, Japan. Hany fumaroles and hot springs also e x i s t  
i n  connection with the volcanoes. The Kuju volcano group 
which i s  one of them, is t o  the northeast of Aso volcano. 
The distance between t.hem i s  about 25 KB. Kuju-iuoyama 
i s  ari explosive crater  of  Ht.llosshoyama of the group and 
slious the most intense so l fa la r i c  ac t i v i t y .  Phreatic 
explosions occurred i n  h i s to r i c  ages. I n  the Iwoyama 
area , we have measured heat and water discharges by 
fumaroles. steaming grounds, hot springs and thermal 
coaduction through soi I i n  order to  c l a r i f y  the thermal 
state beneath the area. Also we have observed Xeotherral 
seismic noise and microearthquakes i n  and around the 
IrOyaM area. By combining lhe thermal and seismic 
data. we t r i e d  to c l a r i f y  the thermal process beneath 
th is  area. 

hot springs and' by steam are 19.5 Kg/sec and 45.7 Kg/sec 
,respectively. The to ta l  water disclrarge amounts t o  65.2 
Kb/sec (235 T i l l ) .  The bulk of it i s  also transferred by 
s team. 

Total volcanic gas emissions were also est iwted. 
based on chemical analyses and the water discharge, 
to be CU2 I66 tiday, H2S 33 tiday, SOt2ti t/day, S 3.2 
t/day, IICI 3.2 t/day and HF 0.07 t/day. 

A quant i tat ive hydrothermal system was proposed, based 
on the to ta l  heat and water discharges. We assumed that 
the hydrothermal system i s  composed of the surface zone, 
the shallow thermal water reservoir and the heat source 
(the magma reservoir). From the magma,the heat and steam 
are transferred upward by magmatic gas and t h e r w l  
conduction. Cooling of the magratic steam on the way 
from the magma reservoir to  the therral  water reservoir 
is calculated by using the method developed by 
Yuhara(lY68). We also assume that the depth of the 
thermal water reservoir i s  2 Km deep. A t  the depth, 
the ragrat ic  steam mixes with the meteoric water and 
forms there a thermal water reservoir. The water 
discharged from the reservoir r ises up to the surface 
and makes thermal wni festat ions.  When the therm1 
discharge i s  measured and the depth and the temperature 
of the heat source are assumed , r e  can estimate the 
ragrat ic  Steam f low ra te  and the temperature of  the 
steam a t  2 Km deep. Using the observed heat and water 
discharge data, they are estimated t o  be about 20.3 
Kg/sec t o  24.0 Kg/sec and 990 OC t o  790 OC depending on 
the assumed temperature o f  the Fgmatic reservoir  a t  5 
KB deep t o  be IOOOOC to  800OC. I n  the above calculat ion 
, the upper l i m i t  of the heat supply'from below by 
therral  conduction i s  assumed t o  be 2.5~10' cal/sec, 

THERMAL DATA AND AN MODEL OF THE IIYDRDTHERMAI. SYSTEM 

I n  the lwoyama area, heat and water discharges were 
measured i n  1977(Ehara e t  a l . ,  1979) , I97Y(Ehara e t  al., 
19111) and 1985. The heat discharges by fumaroles , 
steaming grounds, hot springs and t.herma1 conduction 
are 1 . 2 ~ ~ 1 0 '  cal/sec, 1.04~10' cal/sec, 8 .1~10"  cal/sec 
a id  7 . 2 ~ 1 0 ~  cal/sec, respectively. The I.otaI heat 

7 discharge amount to 2.38~10 cal/scc (9Y.2 MU). The bulk 
of i t  i s  transferred by steam. The water discharges by 
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Fig.1 Hydrothermal system of the Kuju-iwoyama area 
estimated quant i tat ively from observed water and 
lieat discharges. 
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based on the theoretical study by Fukutomi(l965). The 
temperature of the thermal uater reservoir i s  estimated 
to be 370 T. Therefore the thermal state OF \.he u a t w  
i n  the reservoir i s  supposed to be near the c r i t i c a l  
point of uater on the average. The percentage of the 
magutic steam t o  the to ta l  uater discharged i s  about 
41% to 48%. A model o f  hydrothermal system i s  shown 
i n  Fig.1. One of the main features of th i s  model i s  the 
existence of magmatic steam supply. The high fumarolic 
temperatures amounting t o  5009: support t h i s  idea. 
Furthermore, isotopic study of volcanic gases shows that 
the volcanic gases from high temperature fumaroles have 
retained the i r  or ig ina l  chemical and isotopic 
composi t ions that had been acquired i ii the undergrouiid 
high temperature rock or i n  the source magma (Watsubaya. 
personal communication ) . Therefore high enthalpy 
magmatic gas supply must ex is t  i n  the lwoyama area. 

SEISHULOCICAL DATA 

Ceothernal seismic noise 

A seismic noise study has been carr ied out on the 
lwoyama area i n  1977( Khara e t  a1.,1979) and 1985. As a 
result, anomalously high seismic noise level of several 
tens of Hz vas observed i n  aid near the act.ive 
so l fa ta r i c  area as shown i n  Fig.Z(a).Fig.2(b) show the 
geotliermal temperatures a t  I m  depth versus a l t i tudes of 
measurement sites. AnomaI ies of  geothermal temperatures 
and seismic noise level are confined to  a narrow resion. 

DISTkNCE 

Fix.2 (a) Pro f i l e  of seismic noise level from the root 
of Kuju volcano to  the 1woya.a area. 

Predominant frequencies and amp1 itudes of seismic noise 
have a close correlat ion v i  th the surface heal flou. 
Therefore the o r i g i n  of the seismic noise observed i n  
the Iuoyama area i s  considered geothermal.The depths of 
the seismic noise sources uere estimated by using a 
theoretical expression f o r  seismic noise attenuation 
versus distance. As a result. the depths of the or ig ins 
uere estimated to  be less than 30 n ,that i s  , very 
shallow. Such a resul t  show that the o r ig in  of lhe 
high seismic noise i s  the motion of  the steam and/or 
phase change of water under the near-surface. 

Hicroeartliquake observa Lion 

A temporary seismographic netuork vas instai,led 
around the act ive so l fa tar ic  area i n  order to c l a r i f y  
the underground therm1 process as show i n  Fig. 3. 
Accordindg to  the recent se iswlogica l  study i n  t h i s  
region (Hi  tsunami e t  a l  . , l98l) ,  almost any micro- 
earthquake a c t i v i t y  i s  not observed near the luoyama 
area. Houever,in the i r  Cbservational netuorh,there i s  
no observation point near the so l fa ta r i c  area. From the 
thermal study mentioned ear l ier ,  we anticipated l l iat  
n i croearthquakes may occur beneath the act ive 
so l fa la r i c  area. After the preliminary observation i n  
August,1985. we conducted an array observatioci ( s ix  
seismograph stations) i n  and around the act ive 
so l fa tar ic  area from May 27 to  June I O ,  1986. Other 
'two stations uere insta l  led to monitor the seismic 
a c t i v i t y  i n  the arca from Uay 12 to July 11. 

The 1985 preJ iminary observation (One seismometer was 
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Fig.:! (b) Geothermal temperatures a t  I m depth versus 
a l t i tudes of wasurement s i tes  from the 
foot of Kuju volcano to  the lwoyama area. 
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Fig.3 Hap o f  geothermal manifestations and seismic 
observation po in ts  i n  the Iwoyrma area. A.B and C 
regions shou s o l f a t a r i c  a c t i v i t i e s .  HB, HSI and 
HS! are hot springs. Sol i d  t r i ang les  show seismic 
observation points.  Inset shows the locat ion  of  
Kuju volcano.Kyushu,Japan. 

Fig.5 Epicenter d i s t r i b u t i o n  i n  and near the luoyama 
area. 
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Fig.4 Frequency d i s t r i b u t i o n  of  S-P time in terva l .  
Upper: Chojabaru s t a t i o n  ( on the f o o t  o f  the 

vu I caw).  
Lower: Iwoyama s t a t i o n  (near the s o l f a t a r i c  area). 
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Fig.6 llypocenter d is t r ibu t . ion  along the nor th  - south 
d i r e c t i o n  i n  and near the lwoyama area. 
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i ns ta l l ed  near the s o l f a t a r i c  area and another on the 
f o o t  of the volcano which i s  about 2.5 KB d i s tan t  from 
the s o l f a t a r i c  area.) was conducted on ly  fo r  5 days. 
A t  the s t a t i o n  n e i r  the s o l f a t a r i c  area, many micro- 
earthquakes were observed. The t o t a l  number o f  earth-  
quakes w i t h  shorter s-I' time in terva l  than 1.0 sec i s  
87. Furthermore most of  them have shorter S-P time 
i n te rva l  than 0.2 sec as shown i n  Fig.4.Hypoceiiters are 
assumed to be shallower than several hundred .eters.Host 
o f  the earthquakes observed a t  the s t a t i o n  new the 
s o l f a t a r i c  area were not  detected a t  the s t a t i o n  on the 
foot  of  the volcano.One o f  the reasons i s  a very shallow 
o r i g i n  and another i s  strong seismic wave at tenuat ion 
i n  the surface layer of  the volcano. 
The 1986 array observation c l a r i f i e d  the cha rac te r i s t i c  

pat tern  o f  the hypocenter d i s t r i b u t i o n  as shown i n  Fig.5 
and Fig.6. Host of the earthquakes occurred beneath the 
s o l f a t a r i c  area. The hypocenters are shallower than 5 
Km below the. surface. Especial ly,  many earthquahes 
occurred a t  the shallower depth than I Km below the 
s o l f a t a r i c  f i e l d .  

The observed earthquakes beneath t h e s o l f a t a r i r  arca 
are d iv ided intn two groups, according l o  their depths 
o f  hypocenters. One i s  a sha l lou  o r i g i n  (several hundred 
meters t o  3 Km deep). Another i s  an deep o r i g i n  (deeper 
than 3 Km deep). They do not always occur together. 

Especial l y  , most o f  the shallow microearthquakes 
seem to have occurred , st imulated by the 
f e l  t earthquake ( ~ 4 . 7 )  which occurred near the 
s o l f a t a r i c  area. The distance between the s o l f a t a r i c  
area and the epicenter o f  the f e l t  earthquake i s  about 
7 km. But, deep earthquakes were not  st imulated 

' by the f e l t  earthquake. The above resu l t  i s  on ly  
p re l  iminary. The deta i  led resul  I s  w i  I I be given 
i n  another paper. 

AVDROTHERHAL SVSTEH AND SElSHlC ACTIVITY 

Thermal and chemical data shou the existence o f  
magmatic steam supply from below. Par t  o f  the magwatic 
steam w i l l  contact w i t h  the groundwater a t  depth which 
i n f i l t r a t e s  through the volcanic body. I n  other words, 
the h igh temperature steam mixes v i  t h  the low 
temperature ground water. As a resu l t ,  
the temperature o f  the steam cools somewhat 
and pa r t  of  the steam condensate. On the otherhand 
p a r t  o f  the groundwater may vaporize. The cooled 
magmatic steam i i ic luding the vaporized groundwater 
w i l l  again mix u i t b  another groundwater a t  a shallower 
depth. Therefore the temperature of the steam decreases 
gradual ly.  Ilowever, the vapor pressure decreases w i th  
upward movement o f  the gas. Therefore condensed steam 
may vaporize again. Thus, vapor izat ion and condensation 
o f  the volcanic steam w i  I I be repeated. 

The sha l lou  seismic a c t i v i t y  may r e f l e c t  such a 
vaporiaat ion and condensation process. On the otherhand 
deep earthquakes nay have a connection with the upward 
magmatic steam flow. I n  t h i s  case, ue may get  saturated 
steam a t  shrrllouer depth than a few ki lometers and 
superheated steam a t  deeper depth than a few k i  lometers 
be I ow the sur face. 

The above i n te rp re ta t i on  i s  ten ta t ive ly .  Houever,by 
locat ing  the hypocenters hencath ac t ive  s o l f a t a r i f  
f i e l d s  , we sha l l  be able to deduce ~IK! thermal process 
beneath them more concretely. 

s o l f a t a r i c  f ield(lwoyama area),central Kyushu,Japan. A 
model o f  hydrothermal system was presented based on the 
thermal and geochemical data. The model demands the 
upward t ransfer  o f  the h igh temperature magmatic steam 
from below. 

Hicroearthquakes occurred j u s t  below the s o l f a t a r i c  
f i e l d  are  div ided i n t o  two groups ; deep ( deeper 
than 3 Km below the surface) and shallower ( 
shallower than 3 Km below the surface). 

The underground thermal process was discussed by 
combining the model o f  hydrothermal system w i th  
occurrence o f  earthquahes. As a resu l t ,  i t  i s  deduced 
that occurrence o f  earthquakes beneath the ac t i ve  
s o l f a t a r i c  f ield(luoyama area) has a contact connection 
w i th  condensation and vapor izat ion o f  upward volcanic 
steam flow. 

Anomalously h igh seismic noise leve l  was observed a t  
the s o l f a t a r i c  field.The depths o f  the o r i g i ns  are  very 
s l ia l lou  (shallower than 30 I). The o r i g i n  of the 
geothermal seismic noise i s  the motion o f  the steam and 
/or phase change o f  water under the near-surface. 
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CONCLUSION 

Various thermal measurements were made a t  the ac t i ve  




