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We developed a new technique, Ice Box Calorimetry, for estimating heat
discharge rates through steaming ground. Ice within an aluminum box provides
a powerful tool for measuring the total heat transfer from the ground surface,
including conductive heat, convective heat, and latent heat within vapor.
Using this method, we are able to rapidly measure heat discharge rates without
the need for specialized apparatus. Applying Ice Box Calorimetry to the
Nishiyama steaming ground at Usu volcano, Japan in September 2006, we
identified local variations in heat discharge rates. The total heat discharged
from the steaming ground in September 2006 is estimated to be 16 MW.
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Fig. 1. (a) Localities of Usu volcano, Japan, and the Nishiyama steaming ground. (b) A map
showing around the Nishiyama steaming ground. The open square and open circle indicate lo-
cations of a thermometer with a hygrometer and an anemometer at height 1 m above the
ground surface, respectively. The gray and dark gray areas indicate the upheaval region over
10 m and over 60 m, respectively (Miura and Niida, 2002). The source location of geomagnetic
field changes is shown by a star. (Hashimoto et al., 2008). Grey solid lines represent topo-
graphic contours with interval of 10 m height. Bold black solid lines represents vehicle-
accessible road, and thin black solid lines represent paths inaccessible by vehicle. The
photograph showing in Fig.3. (a) was taken at gray circle. (c) An aerial infrared photograph
of the Nishiyama steaming ground, which non-geothermal areas are painted out with dark
gray. (d) Distribution of IBC sites and geothermal heat fluxes @ revealed by the IBC in kW/
m?. Broken curves represent contours of heat discharge rate with interval of 0.5 kW/m’. Seeing
text for details.
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Fig. 2. Illustration of heat budget (a) on the ground surface, (b) on the ice putting on the ground
surface and (c) on the ice putting on thermal insulation matter. R,, V, L and @ indicate net
incident radiation, surface heat flux by conduction, surface heat flux by evaporation and geo-
thermal flux from the depths, respectively. M and M, are heat that is spent to melt the ice on
the ground surface and on the insulting matter, respectively.
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Fig. 4. Records of (a) thermometer and (b) hygrometer, measured at open
square showing in Fig.1. (b). The IBC is carried out when arrows are show-
ing.
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Table 1. Measured and computed parameters. 7}, is temperature
at 10 cm depth, ¢, is the time that it is necessary to melt m,
of ice on insulting matter. A/, is computed using the equation
(7). Sites with asterisk represent the results of 14 September

2006.
Site Too myX 103 t M,
[°c] [kel [sec] [kW/m?]
us™ 94.3 55 900 1.06
u5@ 94.3 70 1,005 1.21
ul7 83.2 80 1,020 1.36
u3* 99.4 57 960 1.03
ul4* 97.9 69 840 1.43
t1* 35.6 77 1,200 1.12

FuxOoOOooOOoooooooooooooobo.ooo, oooooo, ooboopooooo
gobobooooog.

o. o 0

gboboooooooboboboobooooboo, oboboboboobooooboooboobOobo
Ice Box Calorimetry, IBC (00 O0O0O0O0OO) OOO0O, 20060 9000000 200000
goboboooooooooo. oooo, iBCooooogoo, ze000000000D000OO
gobobobooobo. oo, oboboboboooobooobooobooboboboboooboo, o
0o0oooooooooooo, 0o0Od (2008 OOOOO (2009 CDOOO.

1. 000000

IBCOO, 000000 0000000000 QOUUODOODO0O0O. O0D0 O, 0000
0oooooooooooooo e (Fig2 () 00O, D0DO0DO0OO0OOO. 00O, OOOOO
gooo, obooboooboobobooboobboo, boobboobooboboooobo
go0oo0oo0O0o0obO0ob0bDO0DOOobOOobOO0obOoobOobOobOooDooOoOoO (Hochstein and
Bromley, 2005). 00 0O0O0O0O0O, O0O0O0ODOO0OO0OOODOOODOOODOODOOODOOOOO
o, dooooogoobobobobobbbboboooooooopopbobo .. bob, BCOOO
9 9 o o

oo, bbooobobobobooo oboboboboobUooboobUobDoobo.BCOOO
gopoooooooooboobobUoboDb, boooobobUobUobDOobDoboboooD.
o, doooooboboooodobD oooooobb, bboooooooooo. oo
goooooo, oobooobooobooobooooooboooboobo, booooo
goooo, booboooboobobooboooobooobooooDbo . boooobooo,
00oooooo00o00oooooooo00oooooo, OoboboDoOoOOd (Hochstein and
Bromley, 2005) ODOOOOOO.
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Table 2. Measured and computed parameters. 7y, is temperature at 10 cm depth, tis the time that
it is necessary to melt m of ice on the steaming ground. M and @’ are computed using the equa-
tion (6) with the results of table 1. Sites with asterisk represent the results of 14 September

2006.
Site Too mx1073 t M Q M,
[°cl [kg] [sec] [kW/m?] [kW/m?]

Line U
U1 28.7 77.5 840 1.60 0.39 u5@
u2 55.9 35 330 1.85 0.63 us5@
u3 99.4 97.5 420 4.04 2.83 u5@
u3* 99.4 82 420 3.40 2.36 u3*
U4 96.4 86 495 3.02 1.81 u5)
us' 94.3 65 420 2.69 1.63 us5()
us 94.3 60 386 2.70 1.49 u5@
us* 94.3 72 480 2.61 1.58 u3*
ué 98.6 95 405 4.08 2.87 u5@
ue* 98.6 86 510 2.93 1.90 u3d*
u7 60.2 55 420 2.28 1.07 u5@)
usg* 64.7 74 600 2.15 0.72 u14*
U9 68.2 100 900 1.93 0.57 ul?7
u10 88.7 65 420 2.69 1.33 ul7
U1 89.1 90 369 424 2.88 ul7
u12 78.7 65 400 2.83 1.46 ul7
u13* 99.3 86 420 3.56 213 ul4*
u14* 97.9 100 677 2.57 1.14 u14*
u15 99.4 100 530 3.28 1.92 ul7
u16* 99.4 100 570 3.05 1.62 ul4*
u17 83.2 925 570 2.82 1.46 ul7
u18* 99.3 81 480 2.94 1.51 u14*
u19 74.9 90 960 1.63 0.27 ul7
LineY

Y1* 99.2 74 396 3.25 1.82 u14*
Y2* 74 80 720 1.93 0.50 uig*
Y3* 70.8 100 780 2.23 0.80 ul4*
Y4* 88.7 100 780 2.23 0.80 ul4*
Line T

T1* 35.6 76 720 1.84 0.72 t1*
T2* 62.5 100 540 3.22 2.1 t1*
T3* 42.8 81 900 1.57 0.45 t1*
Line N
N1* 48.5 69 790 1.52 0.40 t1*
N2* 72.7 85 660 2.24 1.12 t1*




goooooobooOooooooooobooOoOoOo 200000000000 OOOOOOnO 135

0ooO0000, 000000000000000000, 0000000000000. O
00, 0000000000000000000000000, 00000000000000
0Ooo00O0. 00, 203000000000000, 000000000000, 00000
0000000000000000000.

0000000000000 IBCOOOOO, 00000000 Sekioka and Yuhara
(1974) DOOO0OO0O0OOO0OO0OO0OO0. 0000, IBCO0O00000000000000O,
0000000000000000000. 00000000, Sekioka and Yuhara (1974)
pgooobooooooooooouodoo, oobobooooooooooooo. oooog,
000000 IBCOOOOODO0OOO, 00000000000000000 (0000, 00
0).

000000, IBCOOO0O0DO0000O00. IBCO00O00000000000, 00
0000000D00000000000000, 00000000, 000000000000
000000000000000O0.

2. 000000000b0000on

gboboooomcbooooobobo z28b00b00000b, booboob 3co0mOobd
gooooooo0, OOO0O0O0O0OOOD0O0D0O0ODODOUODOOOOODOODODOO. OO,
gbobobobooboboobooboboboobon.

goooooooooo, 0goooooooooooooooogoo. ooy, Fige 5 (b)
O, IBCOODDODODODOD QO, 0000ODODODODOOO0OO AT, 0000, O000000O0O
gooooooooooooooOooD, bOoDOoO0o0Od. Rig. 5 () DODODOODODOO
goooooo, iBCobobboobgoooo, obboobooboboobooboobooo
g, oboobooooogoooboobob, boooooooooboboboboo, obooo
000d. U0 AT0O, D0DODDODO0D0D0DODODOOOO0OO, DOODO0DODODOODOO, ODOOO
ooooooUo0oo 730000000. ODDODODODUO0ODO, UDODODO GoOUODOODOUOODO
RN

G =13) SAT, ®)

ooo, S;0, 00000 AT, 0000000000, 7,00 pixelOODOODO, 1 pixel
o 32 o G o o

Fig.60, 00000 7,,000000 S,000000 QS;,000. 000, 000000
0000 (Fig. 1 (c)) 000000000000 O0O0O00. Fig.600, 00000000
gooooobooobooooboobobo. b0, booboobbuoobo, bobooobo
0ooooooooooouD. Fig.6d (8 DO00ODOODOOO, ODDODDO GO 1I6MWOO
00000 . Hochstein and Bromley (2005) 0000000, 000 cO0ODOOOOO, O



136

godbo sooobobooo. bbooo
goo, oooooobbb 10000
gooboobooboobuooooboobag,
0oOoOooOooooDboo 3.6 kg/s (310
ton/day) 0O OO0 O0O0O.

o0, ooooooooo, @0 7,0
gpboobooboobooboobo
(8 ODOOOO, Sekioka and Yuhara
(1974) DODOOOOOOOO. ODOOO,
Sekioka and Yuhara (1974) 00O OO0
gooo, IBCOOODOOooooooo
gooobobo. booooboo 730,
Sekioka (1983) OO O OO 17 0 96 O
goooobo, ooobobooo 374, d
2000000.

3. 2000000000

oooooooooo0o0 0oooooooo0 ooomoooooooooooo

12000
10000 ¢ (a)
& 8000
éi 6000 .
-
4000 .
2000 .
0 .....‘In-- Y
10 20 30 40 50 60 70 80
Ty,
25
y (b)
— 20 ¢
o [ ]
B [ ]
= 15 e,
Egi 10 ..
.
05 .
L[]
0 .'ooc'oo-.o.
0 20 30 40 50 60 70 80
T,

Fig. 6. (a) Ground surface area S; at temperature
T,; based on Fig.1. (c). (b) Computed heat dis-
charge rates from the ground of 7.

ooooooooo, ooooobbo 1000000 20050 80 270, Ul-u7 00O N1g

N2DO 90DOO0ODOO, IBCOODODOOODOODOO

(0ooo, 2005). OO0 200500000

0, 000000000000. 0000002302400, 0000000000000 .

000 3m/sO0000000000, 00000000 20060000000000.
200500 2006 00000, Fig. 7 (a) (b) 0 10cmO00 7,000000000000

O0O00000. 10cmO00 T,0000000000000, 000QO, 000000

100

(a)

80
60

40

T,,0n September 2006 [C]

4

20 40 60 80
T,0 on August 2005 [*C]

0

100

w
[=]

—_ —_ N N
(4] o ol
T

o

Q’on September 2006 [kW/m?2]

=)
.

o

(b)

0

05 10 15 20 25
Q’on August 2005 [kW/m?]

30

Fig. 7. Plots of results of 2006 vs. that of 2005. (a) 10 cm depth temperature 7j,. (b)

Geothermal heat flux @'.



goooooobooOooooooooobooOoOoOo 200000000000 OOOOOOnO 137

gboob 2006 000000000000 0O00O0O.

gbooo, boboooobobooboboobob. 2006000000, OODOOOO0ODOO
gooobooboboboo. oo, 2005000000, leeBoxOOOOO 10090, OOO
gboooooboboooo. 205 00b00b0obooooobo, bobobooboobao
gbooboobooobooboobooooobooboobo, cobooboooo:sboboboobobobon
ooooooo. 0oooo, 2000000000, UUODOOOODODLODOOOO. ODDOO
00, 0000000, 000 Oob00O00o00ooooooo.

gooooooooo, ooooobooooo, Fg7 00D0O0O0OO0ODOO0OOOODOOODODOO
gooo. ooo, Frig70, IBCOOODOODODOOODDOOOODODOODODO.

gobooooooo, boooBCOOOOOoODOOobDOoobOoOo. oo, oo g,
gooboboooooooooboobooboboobobooooobooob, bobob, DbObOooboOoo
goboobooobooooooobobooboobooobo . BCOoobgoooooobooog, o
g, oooooooboooboob. oobo, i BCoboooooboooooooboo, oo
gobogoOleeBoxOOOOooooonD, 9x 122ecmidoooooooooboobog, O
gboboboooooboooboobobobob . boboooboooobobobo, oobooo.

og. o oo

OO000ooO0OoooOoooooooooood, lee Box Calorimetry, IBC (DOOOO0ODO
00) oooo. IBCOOOODOOOOODOOODODOOD, ODODObOOoODOooOOooDOoOoOo
gogoooogo.BCcobg, 20060 900obooboOonoODbD 2000 00000000000
ooo0oo00 1eMW, OO0O0O 3.6Kkgls (310 ton/day) OO DO OOOOOCOOO. OO, IBC
000000000 sekioka and Yuhara (1974) OO OOOOOOOOOOOO, OOOO
goobo 3rd, 0200000 73000.

oo 200600000, O0O0OO0O0ODOOOOO, O0OOO0O, boboobooboo, bo
goooboooboobobob. bobobobobobobo, obob 200000000000
goooo, bobooboobooobobob. 2005 000000000000, 1IBCOOOO
gooooooooo, booooooboooobooboobo 20b00bDO0OobOOoDOO
gbobobobooobo. obobobobobooo.

Benseman, R. F., 1959. The calorimetry of steaming of steaming ground in thermal areas, J. Geophys.
Res., 64, 123-126.



138 oooooooooo0o0 0oooooooo0 ooomoooooooooooo

ooooooo o, 1980. DOOUOOODUOOODO, DODUODOOO, 2, 13-28.

Hashimoto, T., T. Hurst, A. Suzuki, T. Mogi, Y. Yamaya and M. Tamura, 2008. The role of Thermal
Viscous Remanent Magnetisation (TVRM) in magnetic changes associated with volcanic eruptions:
insights from the 2000 eruption of Mt Usu, Japan, J. Volcanol. Geotherm. Res., 176, 610-616.

Hochstein, M.P. and C.J. Bromley, 2005. Measurement of heat flux from steaming ground,
Geothermics, 34, 131-158.

000000000000 0DoO0o00ooO0o0oUo, 2004. DOOODODOOOODOOOODOOOOO
gooooooooOoOoooooOoOo0ooOoOoOoO0ooOOoOo0OOOO00OO, ODOoOOBoDOo
oooo, 13, 2-7.

00o0o0oo0 0DoOoO0oO0ooOoOoOoooOoOoOoooOOoO O, 19%6. DOOODODOOOOOOOOOO
gooooo, boooboooooooooog, 16, 61-81.

Matsushima, N., 2003. Mathematical simulation of magma-hydrothermal activity associated with the
1977 eruption of Usu volcano, Earth Planets Space, 55, 559-568.

oooooooooo, 2002. o000 20000000000000000000O0DOO0O0OOO0ODOO,
0o, 47, 119-130.

00o000o0oooooOo0o0ooooooOoO0oO0n0 DooooOo, 2004. 2000 000000000000
gooooooo, oo0, DOoODooOOoO0ooOO0O0, booooooooooooo, 67, 25-38.

Saba, M., Y. Nishida, T. Mogi, S. Takakura and N. Matsushima, 2007. Development of geothermal field
following the 2000 eruption of Usu volcano as revealed by ground temperature, resistivity and self
O potential variations, Annals of Geophysics, 50, 79-92.

Sekioka, M. and K. Yuhara, 1974. Heat flux estimation in geothermal areas based on the heat balance
of the ground surface, J. Geophys. Res., 79, 2053-2058.

Sekioka, M., 1983. Proposal of a convenient version of the heat balance technique estimating heat flux
on geothermal and volcanic fields by means of infrared remote sensing, Memoirs of the National
Defense Academy Japan, 23, 95-103.

Terada, A., T. Kagiyama and H. Oshima, 2008. Ice Box Calorimetry: A useful method for estimating
heat discharge rates through steaming ground, Earth Planets Space, 60, 699-703.

000ooooo0oooooooooooOo, 2008. OO0 20000000000000000000O1977
gooooooooooOoUooooUo, Doooooo, 30, 259-270.

oooooo0o0oUoo0oU0o0oOO0O0 ODOoO0O0DUOO0O00 DOoOomMOO0O0O0OOOOO0OOOO, 2009.
JoOoOo 2000000000000, OOODODODOUDODDOOUODODOO, 72, 139-157.

00 0ooooO0oOo0oooO0O00O0bOO, OOD0oOOoO0O000OO0O000DOOO0O0O0ODOO00OO
goooooooooooooooo, oo, ooO.

000o0ooO0oOo0oooOo0ooOoO0oO0O, 2005. DOOOOOOOOODOOOOOOOOOOOOOOO
00o0o0oooo0o0ooo0oUoo0O0, 0O0ODooOO 2050000000000, 174.

White, D. E., 1969. Rapid heat-flow surveying of geothermal areas, utilizing individual snowfalls as
calorimeters, J. Geophys. Res., 74, 5191-5201.



