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Historical background and present states of the research project on exploration methods
for fractured-type geothermal reservoirs
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WEMBEEEL LA Y= 27 bF—= L LTI EIFS e,

AR, I GR ALEEESED, B,
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B2R  THIHRT DGR ARAT « FRA | 48258 (RIAIGS4ERE — ok 5 4ERE)
Table 2 Scientists participated in “Research project (analysis and evaluation) on exploration methods for fractured-type
geothermal reservoirs™ in GSJ (April, 1988 to March, 1993)

S63(88) HI(89) H2(90) H3(91) H4(92) HS5(93)

fﬁé ER$% (Director of Geothermal Research Dept.)

HE— OKABE Kenji g

ﬁ"ﬁ"ﬁ#ﬂ HASE Hirokazu «—

NIFEE KAWAMURA Masayori P —
& v — 7 & (Group leader)

& TR TSU Hiroji >

=105 ) MIYAZAKI Teruki < >
Y7 & — 7B (Sub leader)

JIFER KAWAMURA Masayori < >

FEAR ITO Hisao <

HEHB SASADA Masakatsu <>
A: 7 b4 735X MT¥: (Array magnetotelluric method)

Lt #  MURAKAMI Yutaka A A A A A

PIHEFI5A  UCHIDA Toshihiro A A A A A A

HEFHEE  MAKINO Yoshihiko A A A A A A

ANV FEHE OGAWA Yasuo A AD AD AD AD A

&M —  TAKAKURA Shinichi A AR AR

FHMTE  MITSUHATA Yuji A A A A
C: M348 € 7Y & (Modeling study of geothermal structure)

iR KOMAZAWA Masao C C

NAEAD KAWAMURA Masayori c Poy

HMBEMH  MATSUSHIMA Nobuo c cw
S: B A B KA IE (High resolution reflection seismics)

MEFEE  KANO Naomi Y S S

WIO#1#  YAMAGUCHI Kazuo s SD S S
B: i 3FMEF ) » 7 (Analysis of well logging)

FibiE R KIKUCHI Tsuneo BV BWV  BWDV BW BWD WD
V: BUBEBRMLILFEAT (Vertical seismic profiling and fracture characterization)

FHEAR ITO Hisao v VB VB VB VB A4

hEfEH  NAKAO Shinsuke v WD VBWD VBWD VWD

Jilgs B KAWAKATSU Hitoshi v v v A\ v

FERA  KUWAHARA Yasuto SVR VSR VRS VRS VRS VRS

AO % KIGUCHI Tsutomu Vs Vs Vs

Kkt OHMINATO Takao A v A v
T:WEHR - €7V » 74 (Tomography and peripheral surveys)

AARFEF  OKUBO Yasukuni v TV DV D D ™

i il YOKOTA Toshifumi TS TS TS
R: EAWHEHIE - € 7 )V EE (Measurements of physical properties ofrocks)

WiE 5 NISHIZAWA Osamu R R R R R

Z)IEE  YASUKAWA Kasumi R RW RW R

%N&‘J SATO Takashi R R

ZFEIH& MATSUMOTO Norio R R

$EF ®  NAKANO Tsukasa R R
G: #EHEE 7)) ¥ ' (Modeling study of geologic structure)

KiBAEF  MIZUGAKI Keiko G G G G G G

HER  SASADA Masakatsu G G

E4FEE  TAMANYU Shiro G G G G G G
W: BT A b (Well test)

HE#L ISHIDO Tsuneo w w w w w

WA MIYAZAKI Yoshinori WD WD WD WD WD

REFHER  YANO Yusaku WD WD WD WD
M: fit/N it BEF F BREE H: (Microearthquake method)

L&FI4T  TOSHA Toshiyuki M M M M

HEXE SUGIHARA Mitsuhiko M M M M

£&IFXT  KIMBARA Keiji M M M
D: Hi# 7 — & ~<— A (Geothermal database)

#H # NISHI Yuji D DM D DM DM

#HEFE  MURATA Yasuaki D D D D D

SRR SUDA Yoshio D D

27 IR NODA Tetsuro D D D D

BIEY  TAKAHASHI Masaaki D D D D
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Two-dimensional inversion and interpretation of magnetotelluric data
in the Sumikawa geothermal field, Japan

Toshihiro UcHIDA and Yuji MITSUHATA

Abstract: Resistivity models are obtained with two-dimensional (2-D) inversion of
magnetotelluric (MT), EMAP (electromagnetic array profiling) and CSAMT data in the
Sumikawa geothermal field, northeastern Japan, to extract resistivity features of the field. Several
of the MT data are static-corrected by using TEM (transient electromagnetic) data before the
inversion. The inversion method employed in this work is an iterative least-squares scheme with
smoothness constraint. The optimum smoothness is selected based on a statistical criterion ABIC.
This inversion scheme works very stably by objectively adjusting the trade-off between the
contributions of the misfit minimization and the roughness minimization. We also use the
resistivity logging data in the nearby drillings as a-priori regularization for 2-D resistivity
models.

Final resistivity models are interpreted in comparison with drilling data such as temperature,
porosity, clay-mineral contents, and resistivity logs. Two major features recognized from the
models are as follows. First, resistivity of the cap layer is very low, as low as 1-3 Q*m, which is
due to low-temperature clay minerals such as montmorillonite. Second, resistivity of the reservoir
layer is rather high, an order of 100 Q-m, in spite of its high temperature, approximately 300
degrees Celsius. Chlorite, the dominant clay mineral in this zone, does not decrease the formation
resistivity considerably. Surface electromagnetic methods together with reliable 2-D inversions
are very powerful to map the boundary between the cap layer and the reservoir zone.

1. & C ®»

HEBRR T, Ir B B0 BT S 23Rk 5 1o, MTESRHIERER O HIENEE 21T 5 O’
—BRITH 2. Td, BEOBKIE(EL NSV EEOMB CHTELEERTHY, Zh
PRELLTRET A2 ZEPIFEBBACERISTHA S5 L0 MFLETCTL 5, 22, EFR
Bizlat, BkoBlEL-oTV3 77 7F v IBRECRILIEREE 2L T35, Ly L, #8ko
WEELTEEL 7S 27F v 2RI T 2 BTORER, HENECHBTHH, EXMRBF—X 2i5g
Weht LTRS EEHIENTHA I LWL, Z2RIEHN, ZOEMECHFEL THEDRE > T 41K

*
Keywords: magnetotellurics, EMAP, two-dimensional inversion, geothermal reservoir, Sumikawa geothermal field
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BT RE R ILEIES 2R L, BE L HRI00miz b BRAOT, SEELBILVEREE PHRL T2 L
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—H B S RIBRPHER L Vo CHIERBESEZ( RO, B I EEESERL T3,
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ETHONICHHIENE® e TMTET — X 2HIET 3 FiE»™ 8 E3 T3 (Andrieux and Wight-
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T A AR O C TN S, L, 2) DEMAFEC 20T, B - /NI (1994) 35 & O -
MHE (1995) CHMEINT-3, 72, DIZBET 2 NEDODOBRKE Z D T, IREBIES(1993), W
RizH (1994) FIZHEINT L 5,
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FEb50mE LEFRIDCIES PEG L TRIE L, MECHC LRI EBIRNEDOD &FEMTERE
%8 ¥ & U ZongettBIGDP-322 A 7 2 TH 5,

21, HWEREERRRME 2 ELCEY 2 E 8B 6kmOR 2 #BEL CITF, MhTiaSG-2LE
), BEERRICECE L 7210815 350 TM Tk & 'TEM (transient electromagnetics) O HIE # 1T
ot PIEREREE I & 2500mTH 5. #lZ 2 12 Phoenix HEL D V52 A 7 4 ¥ & fGeonics##PROTEM
PHTI,

MTETI, BHASC I TS SRS, B 2 RO OBRIIFT—XDRMERT- 12, BEF [ R—n
D& 3 EHEBEARRH150m, mALRRS 100mTH 5, F 72, FWEM Y &AL I HI30kmBEdL /28 FIRER
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RTYE—P) 77 v 2AQBEHEHAL, ARZ I F—2 222X 7L TERAEREZST AL >
VXK ARRDI, ZARv X 7B 2EADELHPECT—ZOHERE LT 29D
RITHEBRPIToNH, BRELEDNIVOPRALL., ki, HHMKROT— X IZNEDOH LB LIz b
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Fig. 1  Magnetotelluric sites (small black circles) on a topography map at the Sumikawa field, northeastern Japan. Survey
lines for EMAP (solid lines) and Schlumberger soundings (dotted line) are also shown. Triangles are mountains;
open circles are hot springs; and large blue circles are survey drillings. Abbreviations for hot springs and mountains
are as follows; TRK: Toroko, AKG: Akagawa, SMK: Sumikawa, ONM: Ohnuma, GSG: Goshogake, FKY:
Fukenoyu, OBK: Obuka, TMG: Tamagawa, YKY: Yakeyama, and TGM: Tsugamori.
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RDART 4 v 7RLERPHEELL.

1z, S TR LA NEDOK & - TEMAP (Electromagnetic Array Profiling) ¥ & (fo 2 5
YRNVY P FEOREBNFERI N TS (NEDO, 1985 ; NEDO, 1989). ¥ CHIENL 7 v # 8B4
BLDUIDCTOARBMELHE 1 XL, EMAPEBS L FCRIFED B AFIFRIZ100H 2 13200
m, ¥a7 vy ERERSGN-85BOD 5 MIFEIL1000mT H 5,

2.2 HEME

PRI B OB TH Y, ThiTIEB I U - THE, My BBy,
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DPDLRVTHEKRBIZEBL, TN6RBKOEEY - iihkoTL 3D EEbNS, EHORA
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Fig. 2 A west-east geologic model estimated from drillings (reproduced from NEDO (1988)).’Mo’ stands

for the lower limit of the occurrence of montmorillonite, and "Ch’ indicates the upper limit of
chlorite occurrence. Vertical exaggeration is approximately 2.
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BT AT AZPHET 55, —RIENBIR /ST AZ A LIERELER I k->Tv5, 22T, 8IE
F=RnEzonlcl s, HEMHET VO b Y TRERLELL, WEMLATEMOZEI NS R
L) CHMAETND AT A R CBRIEERINA 3 L0 LD REOFEEH NG, MT
HED2RTEA - =Y arTid, B bzl TEING, F—XDREL S 2X2OEI L OBEER
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ELRDISET AL ZC, ZOLE, SMETREENERUR

U= | Wd— WF (m)|*+a? || Cml? (1)
TEREINSG, 22T, WHRREBREDPCHESNLEA, dZAEM, FREFACT A Zmh LIBEY
FHET A HETF, c R FHOBEPRD 25 2%, CUEOV A5 57 A XBDEGR L2 AL —XT
Ha, Ik, RPETHBNL 2RTLA 15—V arTR, MT#2E2OFEET v v 2 12481 L T HIER
5z, OREBHPRMKL LTRLILELTYS, (DRELOF 1EIBREYEL, B25HEE
FUDKHES (374 R) 2FT.

HHBEHRUZPRMET 2204 05— Ca v OHEL 2D, PBATA XX EIHEE 2HD
BMEE P V—FA 7T 23 0H5, 249, a2 KE(THLE2HIEAVEIPNLTHOLLET
RO, a®/hA3LTALEIHOBRERMULIEAYEPR, HoTeFAEONE, 2O,
oL TR o AR PRBMCE LA LPERE LA, 22T, N XKLy b r -kt
R ERT { EE L UEABIC (Akaike’s Bayesian Information Criterion) # M\, ol Fig v
ARFPPRET S LT3 (Uchida, 1993).

2RTEA 19— a VBN Z13 Uchida and Ogawa (1993) O u 2’3 A% vl Y#E nr s L
B, MTEREOIEF M ZE L CAREREXEHL, OX2HEBLLTHEOLEYaET
ATHIDHATHIFE A A RES R e T 5, 7 VR IER100Q - mOBE R E LIz, B
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Fig. 3  Apparent resistivity map at 4175 Hz obtained by the airborne electromagnetic survey.
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Fig. 5 Two-dimensional model of Line SG C obtained by the magnetotelluric inversion of the TM-mode
data at 14 frequencies from 0.01 to 128 Hz. The number of the data is 633; the number of the
resistivity blocks is 354. Vertical exaggeration is 1.
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Fig. 9 Two-dimensional model of Line SG-I obtained by the inversion of the TM-mode data at 14
frequencies from 0.01 to 128 Hz. The number of the resistivity blocks is 365, while the number of
the data is 664.
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and calculated ones from the model shown in Fig. 9 (solid lines).
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Two-dimensional model of Line SG-I obtained by the joint inversion of the MT and CSAMT data.
MT apparent resistivities at the sites where both MT and CSAMT data were measured are shifted
to provide continuous sounding curves throughout the MT and CSAMT frequency ranges, from 0.
01 Hz to 1 kHz. The number of the sites is 122; the number of the resistivity blocks is 1091.
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Fig. 12 Comparison of the two 2-D inverted models of the SG-I line with the resistivity logging data in the

boreholes, SN-5 and SN-7D. The resistivities of the blocks near the wells are shown for the TM-
mode inversion (dashed lines) and the MT joint with CSAMT inversion (thick solid lines). The
loggings data (thin solid lines) are by long-normal log for SN-5 and Laterolog-deep for SN-7D.
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Fig. 13 Two-dimensional model of Line SG-1 with the TM-mode data obtained by adding a-priori

regularization from the logging data. Twelve blocks, near SN-3 and SN-7D, and deeper than 500m,
are subject to the regularization.
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Fig. 14 Two-dimensional model of the EMAP-B line obtained by the inversion of the original EMAP data
at 10 frequencies from 0.01 to 100 Hz.
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Fig. 15 Static-correction factors for the MT apparent resistivities of TM and determinant modes on the SG
-2 line, obtained by joint inversions of MT and TEM data in one dimension.

{zbids, Yafrb e 4uny=YaryitHORMTEOT — X1, 2RTEFCHCET—X
0.01~100Hz) ® 35 b, EEEMO4I~6FEETH 5., TME— Fis & ('Determinant® Fh LTI
DCTRRT 4w 2o 7 bEERD, ThEMEEL L1,

FNTNOMERPEISRRT. WEREOEKIZM0.INFTH H, JM-NI (1994) OF L FIFRE
ThHas, MTHED RHMNEIBHOREMEIZIE LA FDORUETTEMZED LRLETEF v GREES N1
Iohalnot, TEMED 5 IEMTED EL 6 I REM L HEBREVEIN T2 HAREEL D 2
P5, WMIEREOR/NMEIZEREREZED LIRS AR B3X) LEANTHL, 23 b, MERDKS
CIRIA101, 102, 103, 1083 & (F109id, RHMUIES VR CELT 3 WA ML OMRIAESTANCATE L T
wa, MTHEDREBNUE R EROBRLENB L 222571 v 28R TS ko b D LFE
Z6h5,

TME— Fiz2o 0 THIER T & M EROFT—&2 2 HCIA 58—V a VIR EB1I6K 3 & LT
CET. A=Y aritBue P —20Mi3260, Fu v 2 BI2152TH 5, MIEHKD R#LIETO N
PEENCECLY, BIITROTFVOFPREBEDOREREN L LRE(Bo. &, EBOMENR
SALWEBZROFTHLEC, L, TEEOKRBRIIEFMLETH Y, 2KRTHITEIT AL, WE
PMABTORET A v 7 ROWBEDABRERM TSI L1Tb1 3,

FBORUSI0I 2R Y, BEICE 3 HI0mMOELIBEREP R 605, 2D T RHELIEINB Y HFEET 2
B%, BSOS I CHE L SIHERER P HFET 5. HOBLENE IS, WAL7TTSIN
Twa L3R5, BRSO IS LK LIEDT B 275 8 h, AL O KPR £ b
TR THS, Z2NOOHERFIRDL L ) EWRIOMMECH 5,

6.2 Determinant¥ — & i= & 5 @i

W2 OAEATRAVE 27 ay N2 M vRIEFEPR Y, BEESTRERmM. 2KRILHENC
BEELCHEBETH A L5, 22T, TME—FODIE» ZDeterminantD 4 > ¥©—Z' > A2 & 5 %
Hr¥ @A, DeterminantiZ FIRICIEFE L L ETH O, W FREEV 2IRILTRVE S, HH VI, £
DL BRO R LA L0 Ly, TME— FISUTHRTT 5 £ 0, Bo RREBEZEC LG



FENHbSIBX 350 s MTIET — 2 O 2 KT & 2 OFFINR - k)

¥ Q Q.—.
=0 20 ’
SG-2 (TM) 73 BT LT before-correction
< W)W N~
- a8 2282 88 ¢ V.E=1
1 L =il b I
1000
0_
E 1
< 100
c |
0 |
® 2
>
2
= -3~ 10
-4 ;
I ] I 1 ] T .
- 0 1 2 3 4 5 6 Om

Southing (km)

FIK 2274 v 2HMEMOTME— N F—ZEHOIZA vo5—Y a L0k 2 JI8R20 2 KTt 7
v, G 2T EI20.01~80HzO B D 1458 b, 7 — X $114260, 7o w7 #1152,

Fig. 16 Two-dimensional model of Line SG-2 obtained by the inversion of the TM-mode data before the
static correction. The number of the resistivity blocks is 152, while the number of the data is 260.
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Fig. 19 Resistivity decreases with respect to the content of clay minerals (reproduced from Nishikawa (1992)). For this
resistivity experiment, clay minerals were added into 100 Q*m KCl-water filled with glass grains whose radius is
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Fig. 20 Comparison of the 2-D model of Line SG-1 with the logging data of the well SN-7D: geology, temperature, and
Laterolog.
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Geoelectromagnetic survey
in the Minamikayabe geothermal field, Hokkaido

Yuji MITSUHATA and Toshihiro UcHIDA

Abstract: Magnetotelluric (MT) method is a powerful tool for the prospecting of geothermal
reservoir structure. However, it suffers from some problems in relation to near surface in-
homogeneity. The static effect is one of the significant problems.

In order to overcome the static effect, we need to adopt the EMAP (Electromagnetic Array
Profiling) or an auxiliary TEM survey. The EMAP method requires the measurement of electric
fields by dipoles arranged consecutively along a survey line. It is a different point from the
conventional MT, and important for overcoming the static shift. New Energy and Industrial
Technology Development Organization (NEDQ) has developed an arrayed controlled source
audio magnetotelluric (arrayed-CSAMT) system. From the arrayed-CSAMT data and the
conventional MT data, they intend to estimate a reliable resistivity structure which is unaffected
by the static effect. They carried out a test survey in the Minamikayabe geothermal field, southern
part of Hokkaido. We conducted a TEM survey at the same area to evaluate the result of the
arrayed-CSAMT survey and to apply the static correction to the MT data.

In this paper, we report the results of the TEM survey and the arrayed-CSAMT survey.
Moreover, we study the joint analysis of the arrayed-CSAMT and MT data, and the static
correction of the MT data using the TEM data. Following results were obtained :

(1) One-dimensional inversion model obtained from the TEM data was more reliable than
that obtained from the CSAMT data.

(2) Two-dimensional inversion model obtained from the arrayed CSAMT data was similar
to the TEM survey.

(3)By the joint analysis of the arrayed~-CSAMT and MT data, the shallower resisitivity
structure of the geothermal reservoir was obtained more precisely. However, there were not major
improvements for the deeper parts under the conductive layer.

(4) As a result of the static correction of the MT data using the TEM data, surface resistive
layers were delineated more evidently. However, except for it, the model obtained from the
corrected MT data was almost similar to the model obtained from the original MT data.

We think that the usefulness of the arrayed-CSAMT and TEM methods wasn’t shown
remarkable for these cases, because the spacing of the MT sites was rather short (200m~300m)
as compared with the conventional MT survey. However, it would be efficient and economical
to use the arrayed-CSAMT and TEM methods as an auxiliary measurements for the MT survey
in order to detect the deeper parts of the geothermal reservoir structure.

* M ELAD
Keywords: MT, arrayed-CSAMT, TEM, static effect, clay alteration zone, intrusive rock, fracture zone
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Fig. 1 Conceptual model of geothermal reservoir and its resistivity structure.
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Fig. 2 Location map of electromagnetic surveys in the Minamikayabe area. We conducted TEM survey,
while NEDO carried out MT and arrayed-CSAMT surveys. MK-6 and MK-2 are drill holes for
geothermal exploration by NEDO.
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Fig. 6 Smoothness—constrained 1-D inversion result of the TEM data at site 21. (a) Field data (A) and
predicted values (solid line). {b) Estimated resistivity model (solid line) and its confidence interval
calculated from standard deviations (broken and dotted lines).
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Fig. 5 (a) Pseudosection of apparent resistivity versus time from the TEM data.
(b) One-dimensional inversion result of the TEM data.
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Fig. 9 (a) Apparent resistivity pseudosection composed of the arrayed-CSAMT data which were observed
at the same sites as the TEM survey. (b) Apparent resistivity pseudosection resulted from the static
shift correction using the TEM data.
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(a) Minami-kayabe CSAMT 1D model before the correction
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Comparison of the smoothness-constrained 1-D inversion results. (a) The result of the original
CSAMT data (Fig. 9a). (b) The result of the corrected CSAMT data (Fig. 9b).
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Fig. 11 Comparison of the smoothness-constrained 2-D inversion results. {a) The result of the data in Fig.
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Fig. 18 (a) Apparent resistivity pseudosection composed of the MT data which were observed at sites close
to sites of the TEM survey.

(b) Apparent resistivity pseudosection resulted from the static shift correction using the TEM data.
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Fig. 19 Comparison of the resistivity logging data((a) MK-2, (b)MK-6) and 2-D inversion models from
the original MT data (Fig. 18a) and the corrected MT data (Fig. 18b).
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Fig. 21 A design of electromagnetic survey for deep geothermal reservoir.

BB AMERNEDOD”u ¥z 7 b (MR SR e ir 8 BUEE M SRiif H
FAERSR] L ST s M UER I N, BT CBACIMTIERES — %, 7 v 4 RCSAMTEREF —
A DY k2o - TNEDO, AFBZE (M), BBz R CEEPN- THG, o 2%
TARBETHL, IRABRELI LD AEHLHYARLE R L TR CIHIEATHRONE BE,
SRR L BT,

X #K

Andrieux, P. and Wightman, W. E. (1984) The so-called static corrections in magnetotellric
measurements. 54th Annual. Internat. Mtg., Soc. Expl. Geophys., Expanded Abstracts, p. 43
-44,

Bostick, F. X. Jr. (1986) Electromagnetic array profiling. 56th Annual. Internat. Mtg., Soc. Expl.
Geophys., Expanded Abstracts.p. 60-61.

MEEEFSLHREETE S (1993) 7 v A RXNMTE WHEHEE, vol 46, p. 71-73.

Groom, R. W. and Bailey, R. C. (1989) Decomposition of magnetotelluric impedance tensors in the
presence of local three-dimensional galvanic distortions. J. Geophys. Res., vol. 94B, p. 1913
-1925.

MRE J0 - FSMRH - Bk 2 AR - fEHEKR - RASEE (1993) 7 v 4 RCSMTEOBRHE—
R OME L s OBR— MEEE A2 ESE M ES W, p. 336-342.
M - ANUREHE (1994) A ENIHIE I 1 2 TEMEBEEE L MTIEF -2 DR Z T4 v 2 ¥ 7 b

FIE., $¥EEEE, vol. 47, p. 11-23.

Murakami, Y. and Makino, M. (1992) Reduction of static effect for Arrayed CSAMT data by
means of unsymmetrical adaptive electrode spacing meyhod. BUTURI - TANSA, vol. 45, p.
392-397.

Nabighian, M. N. (1979) Quasi-static transient response of a conducting half-space: An approxi-
mate representation. Geophysics, vol. 44, p. 1700-1705.

ANVIEEHE - MEAFIEL (1987) MTEED OGRS ICHRE A 7 7 D LIk S, WEEE, vol. 40, p.

22-41.

< JEMFSE] (1993) 3 RICHEDHE CMTHEET — % ORIV EREHAE L R ESERL~ 058k
—mEAL LD 7 — & Dffl—, PEEE S 88E HiEMRm &, p. 517-522.
A ¥F—iBABRMRE (1988) HBABIR(EEFAETRSEE WFMm, 225p.




OHE M OE W R H(E828)

FLANF — « FEREHNRABAME (1992) T 3 FEMSAEER M SMRIGRE AR ERBEE
HEHE BRI AREIER ., 192p.

Uchida, T. and Ogawa, Y. (1993) Development of Fortran Code for Two-dimensional Magnetotel-
luric Inversion with Smoothness Constraint. Geological Survey of Japan Open-File Report,
no. 205, 115p.

IRk « WisBF - HHECL - KBEE (1993) RREEC & 2 MTEE 2Kk A4 53— = VI (2
D2) =7 4=nF « F=Z~D@A— PEELEF2EBEEMTHIFRMXE, p. 318-323.

ANEHZ - Si2EA - AR - B - R (1992) MTik ECSMTED Y = 4 & MM, Wi
B2 Ee6 AR X, p. 349-354.



HWERAENRE B282%, p. 77-94, 1995
Rept. Geol. Surv. Japan. No. 282

dbigE R % ik E FERE

&Lﬂ
ot

HE @8 RARER - JIFBFI*
Airborne electromagnetic survey in the Minamikayabe area, Hokkaido

Yutaka MURAKAMI, Yasukuni OkuBo and Masayori KAWAMURA

Abstract: An airborne electromagnetic survey was conducted at the Minamikayabe geothermal
field in Hokkaido, Japan. The survey area of about 50km? was covered by 49 survey lines with
line spacing of about 200m. The apparent resistivity maps at the frequencies of 56k, 5k, 385 Hz
show very detailed distribution- of low resistivity anomalies associated with clayey alteration.
Comparison between apparent resistivity maps of different frequencies turned out to give valuable
information of the vertical distribution of alteration down to about 100 meter. Especially, the
apparent resistivity map at 385 Hz very clearly delineates the distribution of wide and deep-seated
clayey alterations.
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Xk A EREFETE Y ER L . BRI EFHIEFEE & & CREETIC 207 5 IS0
km?OFE T, i ¥— LR FEAAERE (LIBNEDO EISEET 5) OEM L Il iihsih
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T 5 (NEDO, 1991,1992a)., AMFEIE & b M LAELXERET 52 Licd b, EFHHBSHEED
KBS 2 HET 2 LEHNL T 5,
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**JCiaE S A
Keywords: Minamikayabe, airborne EM survey, resistivity mapping
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Fig. | Shaded Relief Topographic Map of Minamikayabe area (East Illumination).
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Table 1 List of Equipments for Airborne EM Survey
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HPBERE

DIGHEM V HEM

Dighem Surveys & Processing(Canada) #84
N—FRHRH, N—FE: # l0m
HEaAVEE (5 BB

% REAANEN-FHNICHRE

% REIANMEFA; 8n
Vertical Coaxial Coils;

900(908), 7,200(7,273)Hz
Horizontal Coplanar Coils;

385(388), 5,000(4,828), 56k(57.16k)lz
MEMS - SR EBIEHE, #HE2Re
JAX-VAW ¢ 2ppm . VT Y VT 0.1
BHEEy-: 50/60Hz, ZBE=- Y —

Zachig 5

777 143-5-

Scintrex (Canada) #13/1-F WG J574 40—
B 75 - Mac-3 Jedv7-tyosENIEt 2 &
Hijjéﬂ’aﬁﬁﬁ: Im

SEEE - 0.00LnT. K§E : 0.05aT
JUSEEDH : 20,000 ~ 100,000nT
YTy T 018

R A

AA300

Honeywell (U.S.A.) #3¢
MERE : 0~ 3,000ft, K : £ 3~+ 4ft
{EF B B8 : 4.3GHz

& T E

A-35-MA

Aerosonic(U.S.A.) 28
W E M : 0~ 20,0007t

V- E

G150

Optech Systems(Canada) 1%
WIEMIE : 0.2~ 100m . ¥ : Scm
V-¥-3 K : 890nm

GPS {518

MX2100D

Magnavox (Canada) # 1 BAKHEH: 88,
E—F: ABE (3-D 7)) . 3H/E (2-D)
REEEHEM: 17

GPS ffiik A7 A
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High density gravity and magnetic surveys to constrain tectonic
structures

Yasukuni OkuBo and Toshiyuki YokoTa

Abstract: Geological survey and trench survey are conventional ways to explore tectonic
structures, Gravity and magnetic surveys, which often utilized for reconnaissance surveys, also
reply the demand for constraint of the tectonic structure. Small gravity variation less than 1 mGal
can be detected today. Magnetic anomalies in volcanic areas provide information about volcanic
rock properties such as rock type and alteration. These advantages can establish gravity and
magnetic surveys as tools for small-scale structures related to tectonics.

Gravity and magnetic surveys at a small station interval (termed hereafter "high density
survey”) were performed in the Tanna active fault study area and the Yutsubo study area. The
high density gravity maps show regional trends, But once the regional trend is removed, small-
scale anomalies of several kilometers in wave-length appear. In the Tanna study area, the
detrended gravity map at a 200 m station interval represents a gravity low in the Tashiro basin
and one gravity high and two lows in the Tanna basin. They are terminated by the fault. The
ground magnetic survey at a 100 m interval detects a magnetic high west to the fault. In the
Yutsubo study area the heli-borne draped magnetic survey with a 100 m line spacing found linear
magnetic anomalies associated with the known active faults. The Gravity anomalies in detrended
maps are caused by shallow structures while the regional trend is derived from deep sources. The
high density gravity surveys in the two study areas delineate relief of shallow and dense volcanic
layers. Since tectonic movements often affect the relief of the dense shallow layer, the high density
gravity survey is effective to constrain tectonic structures. However, gravity anomalies caused by
density contrasts in an uppermost less dense layer must be too small to be detected. An effective
interval of gravity station is around 200 m.

Since volcanic rocks possess a wide range in magnetization and since they are affected by a
variety of alterations to exaggerate the range, a spatial change of magnetic anomaly in the
volcanic area is large. Therefore, a lot of small-scale anomalies appear. A low altitude survey is
appropriate to delineate them.

In conclusion, high density gravity and magnetic surveys help to constrain small-scale
tectonic structures.

* R L
Keywords: high density gravity, high density magnetics, fault, tectonic structure
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Fig. 4 Location map of the Yutsubo area.
C1: Detail survey area (Line spacing 100m), C2: Sub-detail survey area (Line spacing 500m), C3: Reconnaissance
area(Line spacing 1000m). A, B: Track lines of high altitude (1550, 1850m A. S. L., respectively) heli-borne survey.
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Problems on processing of seismic reflection data including a low velocity layer
with largely varying thickness
—An example from the Tanna Basin survey—

Naomi Kano and Kazuo YAMAGUCHI

Abstract: Statics correction in seismic reflection processing has three main aims. One is to align
reflections in order to make CMP stacking optimal. Another is to make the velocity analysis
accurate. The other is to make the image appropriate for interpretation. The latter two aims are
tend to be overlooked. In this paper we demonstrate how a low velocity layer with largely varying
thickness produces artifacts through a model study. The appropriate statics correction removes
these artifacts and creates reasonable reflection images. The result of velocity analysis is also close
to the true velocity. We also applied statics correction to real data which were conducted by
NEDO at the Tanna Basin in 1988. The Tanna Basin is covered by a layer of lake sediments. This
layer can be 50m thick and laterally varies. Its velocity is low and its sound attenuation is high.

This layer causes a few problems on the processing of the seismic data. One of the biggest
problem is large statics. The statics are so large and latellaly varying that reflection events do not
align as expected and the stacking velocities obtained by velocity analysis tend to be big for
shallow reflection events due to contamination by refraction waves. Therefore the interpreter
could misunderstand the interval velocities and then misunderstand the structure. The variation
of the thickness of the layer causes the variation of the reflection arrival time of the underlying
reflectors and leads to misinterpretation of the structure. Carefully processing, we create a seismic
section of the one of the NEDO’s surveys using Vibroseis. The section shows very little coherent
events, but we believe this section leads to a true understanding of the subsurface in the Tanna
Basin.

1. 3 C® &2

REHEHERER KD 2o L P U 2 RE S €, Z0d7Re - i 2 (EHE L, iy ORE»H
FEOBL T LEIATRE L THRIES TS AR EG L, T—XAMIZL Y, ZhEqx
— T A WEERO—BNTH 5. — iR RFHRIZIREY/ NS, BRPR@BL OB L6074
X, EWEPLEFELEOBRCL Y RELHMECHERPRZU T3 /7 AXRESHE /[ X2 258
TS/NHBEL Lo>Twd, IRRFELHMEMEDBEREEROMETCEKFOILNANRAOINLG I LIE
v, JOR®, REFEDF—FUHETRERECL - TELFT— 200 m b3 52 L, IELVAL

* sy A
Keywords: seismic reflection survey, low velocity layer, statics correction, Tanna basin
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RMSTEHAEEHNNMOFIE - HCA2HE (BAME) L LTL0EME - Tv5 (A, 1979). HE
ARSI A 7y FATRE CEBAITIRER (1979 »RL TV A & 50, B WigETELT 2
IEWTELRRY, BREMOREPACEINELR O LE, COIIRKRILHEERIYDH LD
BIETESTRDT O L, WHITAI(BEIRIDR, ZBOKFER L 20 TORBOEELLT
Ho, BERVED LS EVHRTIREC, 0I5 CHERLES S b TRIVHAIIR, BILE
TRIEEVRIZBEETHA LZELTH IR ETHAE, INPRAL TEITESHEOWMERDOFEY
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Fig. |  The created model and ray paths of reflections for CMP gathers. The model has low velocity basin
and horizontal layers. The reflection rays bend a lot at the interface of low velocity basin and a
horizontal layer. The reflection points at the shallow interface show smearing.
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Fig. 3  The stacking velocity without statics correction. Anormalous stacking velocity is obvious at the low velocity basin
area.
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Fig. 4 Example of NMO corrected data without statics correction. 1) Shot gather, 2) CMP gather. It is
impossible to find proper stacking velocities which align reflection event horizontally. Reflection
events are not coherent.
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An CMP stacking result without statics correction. In spite of the horizontal reflectors, low velocity
basin causes two way travel time difference horizontally and reflection events show syncline
structure.
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Fig. 6 Statics for correction of low velocity basin The datum plane is set to~10m.
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Fig. 8 The stacking velocity with statics correction. Horizontal difference of stacking velocity is small.
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Fig. 9 Example of NMO corrected data with statics correction. 1) Shot gather, 2) CMP gather. Reflection
events are coherent and horizontal.
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Fig. 10 An CMP stacking result with statics correction. Horizontal difference of two way travel time of
reflection events are small and reflection events show horizontal structure.
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Fig. 11 Location Map. Three seismic reflection surveys{88V-A, 88I-A, 88V-1) were conducted by NEDO at Tanna Basin
in 1988. Receiver numbers for 88-A survey are displayed. CMP numbers are related by subtracting 20 from them.
Two refraction survey lines (89R-1, 89R-2), two wells (N63~TN~-1S, N1-TN-3, dots) and the Tanna faults at the
surface are also shown.
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Table 1 Specification of survey 88V-A.

Line Name 88V-—A Receiver Type L-410(10Hz)
Receiver Interval 10m
Source Vibrator Receiver Pattern 0.9m x 11
Syeep Frequency §-60Hz Number of Channels 96
Sweep Length 20s Spread Fixed Receiver
Vertical Stack 5
Source Pattern 2.5m x 4 Sampling Interval 2ms
Number of Sources 2 Recording Length 23s
Source Interval 10m Low-cut Filter 8Hz/18dB/oct
Hi-cut Filter 128Hz/72dB/oct
Number of Records 66
88V-A FILTERED STACK
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Seismic section by NEDO (1990). The data processing result by NEDO for line 88V-A.
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Fig. 13 Example of data of reflection seismic survey in Tanna basin. 1) Shot gather, 2) CMP gather, 3) Common offset

gather. They are displayed after deconvolution, band pass filter, amplitude control.

—Llg—



EEEE OFEELDOK & W IFA O KRR O HE S (EF - L)

10
¥
24
38
45
52
59
66
73!
80
87
94
101
108
{15
122
129
136
143
150
W57
164

3l

KCDOP ™
0. 0o =

1,000

2, 00

3. D, _
: P BT
ASTM LEOD 1800 2000 2200 2400

EUE BARE BWIEOLCEE MITMOElrkEL,
Fig. 14 The stacking velocity without statics correction. Horizontal change of stacking velocity is big.
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Fig. 15 Example of NMO corrected data without statics correction. 1) Shot gather, 2) CMP gather.
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Fig. 16 An CMP stacking result without statics correction. Basic structure is resemble to Fig. 12.
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Fig. 17 Statics for correction. They are calculated using first arrival travel time.
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Fig. 18 Example of static corrected data. 1) Shot gather, 2) CMP gather, 3) Common offset gather.
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Fig. 19 The stacking velocity with statics correction. Horizontal difference of stacking velocity is small.
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Fig. 20 Example of NMO corrected data with statics correction. 1) Shot gather, 2) CMP gather.
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Fig. 21 An CMP stacking result with statics correction. As a result of static correction, seismic events are
shifted upward about 100ms compared to NEDO’s result (Fig. 12). The syncline structure near CMP
60 of Fig. 12 becomes suttle.
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Fig. 23 Seismic sections and VSP resutl. 1) Processed by NEDO (NEDO, 1991), 2) Without static correction,
3)With static correction. It is possible to interpret each section as is because of no strong and
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Re-processing of seismic reflection data in the Kakkonda geothermal field, Japan
—Survey lines in the uneven mountainous area—

Kazuo YAaMmAaGucHI, Naomi KANO and Shin’ichi MIYAZAKI

Abstract: We re-processed seismic reflection data of the Kakkonda geothermal field which had
been processed in 1984 by Japan Metals and Chemicals Co., Ltd. The purpose is to evaluate this
previous data and to get the optimal field parameters for the new seismic survey in advance. After
some processings are applied, a lot of events are seen with short continuation across several traces
in field shot records. A few of them are considered as true reflections, because they continue across
more than thirty traces in shot records, show hyperbola-like travel time curves and appear in
several adjoining shot records. They appear as continuous reflectors in the CDP stack sections.
But almost every event has poor continuation and does not show hyperbola-like curves. This
problem comes from (1) insufficient survey design, that is, too large intervals of both shots and
receivers compared to the extension of target reflectors, (2) very steep topography along the
survey lines in the mountainous area and (3) inherently discontinuous reflectors due to complex-
ity of geological structure. In order to make sure whether the above mentioned events are true
reflectors or not, smaller intervals of both shots and receivers, eg. 5m or 10m, is necessary. The
new survey line follows the road along the Kakkonda ravine in 1994’s survey by NEDO.
Therefore, accessibility and smooth topography along the line make both dense alignment of
shot/receiver and static corrections easier, and then confirmation of reflections will be possible.
In this case, additive cross lines is desirable in order to detect three dimensional structure of the
Kakkonda geothermal field.
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Table 1 Data acquisition parameters.

Source Dynamite Recording system SERCEL348

Weight 6kg Number of channels 120

Depth 10m Sampling rate 2ms

Shot point(SP) interval 80m Record length 4s

Number of SPs 43 for A-LINE and H-LINE Lowcut filter ouT

Receiver SM4uU Spread Center of lines : Split spread
Natural frequency 10Hz Sides of lines : Fixed spread

Receiver point(RP) interval  20m

Number of geophones/RP 18

Grouping length 34m(2m X 17)

Number of RPs A-LINE : 180, H-LINE : 186
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Fig. |  Seismic reflection survey lines. Topographic maps are parts of 1 : 50,000 map sheets “Hachimantai” and “Shizukui-
shi” of Geogrphical Survey Institute. Bold lines : A-LINE and H-LINE, GN : Genbudo, J6 : Base no. 6 of JIMC.
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Fig. 2 Flow chart of re-processing.
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(a) Trace1 Offset 400m

(d) Trace90 Offset 1400
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Two way time in second

(c) Trace61 Offset 800m
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Two way time in second

F4 (a) ~(e) HaxHRISHRR
ARIEEFILEL06D30 b v — 2 5 2RI DMEAHE L MBI Ry — v TER LT
Fig. 4 (a)~ (e) Absolute amplitude curves.
Absolute amplitudes are plotted in log scale for every 30th trace of FILE106 of A-LINE.
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Fig. 5 (a) and (b) Topography and static corrections.
Topography, estimated structure of surface layer and statics along each line are shown.
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Fig. 9 (a) and (b) RMS velocities.
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Simulation of wave propagation around a fracture

Tsuneo KIKUCHI

Abstract: Fractures play an important role in a geothermal system because they are not only
conduits of hot water but reservoirs themselves. Therefore, it is important to estimate positions
and permeability of fractures from the view point of reservoir evaluation. To estimate fracture
properties, the method using seismic waves is one of the most effective ones. In this paper,
numerical simulations are carried out to clarify the wave propagation around a fracture, with the
aim of developing a method to estimate the apertures and permeability of fractures. The fractures
were simulated as two parallel plates up to the present. However, the real fracture is more
complicated and has many contact points. Therefore, we have attempted to simulate the real
fracture which has contact points using the staggered grid finite-difference method. The horizon-
tal and vertical displacement components around a fracture were calculated. Normal modes
reflect at the point of contact under the following conditions, (1) if the aperture of the fracture
is 0.1 m or 0.3 m, (2) the dominant frequency of the source is about 175 Hz, (3) the source is
located in the fluid of the fracture or on the surface of the fracture. If the contact of the fracture
is slightly open, Normal modes pass it without the remarkable reflection.

le & € B IS

75 2Fv—it, WBFEB I AT AIECT, BKO@BHELAITUTEL, WERBRZODLDPE
W2, LIE-T, 253 272F v —OMEPERERL EOWE2MHAT 2 2 L IIBIr BRI L
STEECEETHL, HIHNEFOTZ7727Fv—2RETAFEO—D2 L LTHFHRREY DY, &
ETRERIERZ O b D Pt 5 full waveform sonic logh" R L2o20H 5, ZDEOFIHRE R
DRBOHED L, WHNDO 77 27 F v+ —DFECMEL EMEMIHEZET 5 2 LIXWRETH 5,

31, 7575y —0NOMEdE, RDCubic lawTEREEk LEF 2o 3,

k=d?/12

FIT, 75 7F v —OQMOBEPHEET 2 {2 DORAHH 5 (Poeter, 1987, Zlatev et al., 1988,
Hornby ef al., 1989, Tang and Cheng, 1993)., 246 D&RAIE, EBR L CBEB?FLTHEH, T
LOHFETHYRCOML CHEELEFT vEHRICRYR L 2EZFELHCL Y Iavr—varild b,
75 2F%—DBNOEPHET 2RAPITo7. 20X, Stoneleyilk DIRIGDRED 6, HiH 2 3

i

Keywords: simulation, fracture, elastic wave
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OHEMEH b T LG TU AHARBEREIR RS BRI PRI S V2 EHTHBLE,

2. YIiav—yaryFE

2.1 Staggered grid finite-differencetz >« T

ZREOBEFIFERNI(), QDL diiksns,

2
o »

P52 " 8, | o,
Bl L EADBMRILEG), @), GIDL SizESNS,

2
Do, asz+ OTzz (2>

= [)H— 2,;]—2%1% (3)
Txz= Tax— M [%:"’ lg_:] (4)
L= [,H 2/1]%"3—1— A% (5)

BTk

A, p i LaméDEH, ui ARTEN, wiSNEZEM, tIKE, pI EE, WA TH 5,

NG DBED O kTR L2 & 9 % Staggered grid finite-difference®schemetz -7 T35
L R{ERCLTC.

COREOFE, BIBNRULL L 5 WAPENG L CHEEMYHECECOBTFETRD 2 4D
T, BB FRICEBESPLamEEHE 52 TN, AFE—RKL o tRT7 vy D2y P72 b 375
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DHFEE 2 BEFVH 5,
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5T, ERLIERZ 7 8B 512010, HRMLBYBMNTH o MELEFT VT Iar— s
CVEEERITC, BRELERT A LVERETHE, 22T, BREKEFT VTP, SEOEECOV
TEHERIT, EBCFHETS 2 2 LEFERLL.

— 142 —



75 7 F % —HLOMEREES 3 av—a r (FHiER)

H——8
@ —1—@——@—j-0

i

u : Horizontal displacement
w : Vertical displacement

p : Density
A, L ¢ Lamé moduli
1 staggered grid finite-difference® 2" Y » F, R¥i L USFHEMILESY v FFLETHET 5, 2/, ®E L Lamé
DEHBRZRLILEZY v P51 3,
Fig. 1 The grid of the staggered grid finite-difference. The grids for horizontal and vertical displacement components are
half grid apart in space. We specify values of density and Lamé moduli at each grid.
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M3 PIELET A RTEFIVTH 5, BHOKASESIE, 200.1 m x 200.1 mT, HEPFEALLEZIE
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Absorbing boundary

|
V 90.1 m

vp=2999.9120 m/s,
vs=1732.0000 m/s,

p=1044 kg/m3

TA

Boundary

90.1 m

vp=3009.7095 m/s,
vs=1737.6566 m/s,

p=1740 kg/m3

\ Absorbing boundary

% 2K staggered grid finite-difference # R L7270 2779 2 R MGEET 2 100 D IKITET v, 200 BEREESEL TV
5, LREOPIERE22999.912m/s, SUEHE H71732m/s, HHE #7104dkg/m?, TG O Pil & 133009, 7095m/s, Sif# B 1317376566
m/s, BEIR17T40kg/mThH 5, 20 OHEDOER % (51T 5 Stoneleyili D #E LIRIED & 7025 AORAERIT- 12,

Fig. 2 2-D model for the verification of the simulation program using the staggered grid finite-difference. There are two
solid half-spaces. Velocities of upper half-space are 2999.912 m/s (P wave) and 1732 m/s (S wave) and the density
is 1044 kg/m?. Velocities of lower half-space are 3009.7095 m/s (P wave) and 1737.6566 m/s (S wave) and the
density is 1740 kg/m®. We analyze the velocity and amplitude of Stoneley wave propagating on the boundary of two
half-spaces to validate the simulation program.

1k EEPOCOEMILIZYIar—arTRD I StoneleyilEDHE & BREEOHE v Iav—vaVERLHA
REDECY, 203 mOBRLPERCT, RIZIXLCLEBZNUTTHY, RU—FERL TS,

Table | Comparison of the velocities of Stoneley wave between results of simulation and the theoretical values. The
differences between calculated and theoretical values are very small except the value at 20.3 m.

Distance from origin(m)|Stoneley wave velocity(m/s)|Error(%)
20.30 1503.221 -13.21
21.70 1711.30 -1.20
23.10 173139 -0.04
24.65 1739.09 0.41
25.90 1721.48 -0.61
27.30 1736.35 0.25

Theoretical value = 1732.00m/s
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B2k BEEAPLOBEEI LIS Iar—y a2 TRD I Stoneleyilk DSREZEN L KPEMDIL L BREOILE >~ Iav
— v a UERLAERBEOECE, BTS5BBETHY, HENRO-HERLTV S,

Table 2 Comparison of the w,/u, of Stoneley wave between results of simulation and the theoretical values. u, and w, is
the horizontal displacement and vertical displacement of Stoneley wave, respectively. The differences between
calculated and theoretical values are small.

Distance from origin(m)|w0/u0 |Error(%)
19.60| 4.329 8.60
21.00] 4.300 7.90
22.40| 4.274 7.20
23.80| 4.251 6.60
2520 4.231 6.10
26.60| 4213 5.70
28.00] 4.197 5.30

Theoretical value = 3.986
Where w0 and u0 are the vertical and horizontal displacement on the boundary, respectively.

Absorbing boundary

~T

200.1 m

Formation

Fracture

200.1 m

Formation

Fluid in the fracture
vf=1500 m/s, pf=1000 kg/n?
Formation
vp=3000 m/s, vs=1604 m/s, p=2400 kg/m?

\ Absorbing boundary @ : Observation point ~ Ax=0.1 m, At=1.5x10 s

.

B3R yIav—yarYICHORIKRILES V., B3P 50 31200.1m x200. ImThH 5. 2 D OPERE O RIEFVTEET
3, 77 27Fv—OBOE0, 1m0 L0.3mTH 5, HREBOFHEREIL1500m/s, EEEIX1000kg/m*TH 5, HERGOPi
JHEEIX3000m/s, SIKMEEIX1604m/s, #HE122400kg/m3> T H %, absorbing boundary L L TEF v DMKz ik Sochacki et al.
(1987), %&iiZi¢Emerman and Stephen (1983) #3@f L7z, 72, BATRLIZIUEDZY v FTRPEN b $RE L % AT

Fig. 3 2-D model with 200.1 m height and 200.1 m width. There is one horizontal fracture with a liquid layer sandwiched
between two solid half-spaces. The aperture of the fracture is 0.1 m or 0.3 m. The velocity of fluid is 1500 m/s and
the density is 1000 kg/m?®. Formation velocities are 3000 m/s (P wave) and 1604 m/s (S wave) and the density is
2400 kg/m?®. We apply the absorbing boundary conditions of Sochacki et a/. (1987) to the corners of the model and
of Emerman and Stephen (1983) to the four edges. We analyze the horizontal and vertical displacement components
at specific grids shown by solid circles. These grids are located on the upper surface of the fracture. The nearest grid
to the origin is 10 m away from the origin. The distance between the two slid circles is 1 m.
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BEPECR. 77 7Fy—RBEAZEY, ZOMUIER0.ImE0.3mD 2@ >wTRE L. 757
F ¥ — i T RO PR 121500m/s, I 121000kg/m*T H 5. B4 O PREEE 123000m/s, S
PR 12 401604m/s, FE122400kg/m*TH 5, 25D v FRRIZ, 0.1m, B 2 7 » 7°131.5x10-°
FL U7, EEESOMUBER O 4 Bz 13 Sochacki ef al. (1987), &3Bi1ZiEmerman and Stephen
(1983) Dabsorbing boundary % #fH L 72,

=W, AR LI & 5 iCstaggered grid finite-difference!= X ABAME0. ImD 7 7 2 F+—D
RULFPEELR, KRE, 79 2Fx—%22DLH5IKRT I EPIEL VO, Ferrazzini and Aki(1987)
= & Znormal modesDFEFH/IEHE L 2 DEF VIZ L AFTEEE R IR LTe, 6 VHEGRICIFR L
normal modes ¢ i, 2 DDREEER IV N4 v F Lk nfefidduiz b7 vy rani, E-%D
BRCE-> TEETAETH O, MIEDEIHNKRE {5204, StoneleyifiZii-J { . normal modes
BEROMERFEDD, 205 bOEAOPBIZ2FREHE CHFEL, TArF—bKE00T, UT
TRERMED A ¥ E 2 5, %12, normal modesid 2 2D E— F##->, symmetric €E—~FNLiz7 7
2Fr—RREATKREEMEELL, SHEEMRBYET, 20ERTEORERERREOTIRL H B
{, MAERBOES KGET 5. ¥ iZantisymmetric €— N3, 752 F v — %123 A TKRFEEM AR,
SRIEAMTIIE L, MAEOFERL Y BUERL, 2ORECERTHEBROESYWRE (kb E, 3L
AEFBRLEL L2 bDTHA, FHRIE, WE— FOLTOBREOEMNPEDL Sk PR
L7, (a)disymmetrice— F, (b)# antisymmetric®— FTH 5. LUFT I, normal modesD A5
I P EEMCERE LIRS Lz, LELELC Tsymmetrick & fantisymmetric®— F # X5 3
el St

HERRE S D 6 DY 14~ 20mO R BT, FHEEE» 67— 2&#E ¥ A THF K Osymmetric
E-FOMAEEE Y ROz, 2OHRXPEIRCRT. YIarv—yaVERLEREDECE, 3T
1%%CLEBENLUTTHY, BOo—HERLTVS,

Formation

@ : Horizontal displacement
B : Vertical displacement
H4 staggered grid finite-difference(= & 2 BIEIE0. 1mD 7 7 2 F v+ —DE LI, '
Fig. 4 The fracture modeled by the staggered grid finite-difference grid. The aperture of this fracture is 0.1 m.
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%5 normal modesiZ¥13 275 27F v — L TOHEROEN, (a)symmetrice—F, (b)antisymmetrice— F,
Fig. 5 Displacement of normal modes on fluid-solid boundaries. (a) symmetric mode, (b) antisymmetric mode.

B3R v Iav—v =y k0D LEREOsymmetricE — N ORAEE L A L QLML (77 2 F ¥ — OB NIEHT0. 1
mOEA), YIav—ya VEREBHREORCIE, BIF1%LCLRZANTTAY, BU—EERLTL 2,

Table 3 Comparison of the phase velocities of symmetric mode of normal modes between results of simulation and the
theoretical values. The aperture of the fracture is 0.1 m. The differences between calculated and theoretical values

are very small.

1)

N
/N

N\
/N

N/

(2)

(b)

Distance from| Dominannt |Phase velocity(m/s) Error(%)

the source(m) | frequency(Hz)|Calculated Theoretical
14.5 211.69 709.66 722.83 -1.82
155 203.55 707.59 715.80 -1.15
16.5 203.55 704.61 715.80 -1.56
17.5 211.69 719.54 722.83 -0.46
18.5 211.69 717.80 722.83 -0.70
19.5 211.69 716.46 722.83 -0.88

BaFk vIav—yarihRe LEREDsymmetrict— FORAEEE L BEREDLE (75 2 F v —OHOEY0.3m

DEFBA), vIarv—ra ERIEREORECE, BMFIBBETHH, RU—HERLTVS,

Table 4 Comparison of the phase velocities of symmetric mode of normal modes between results of simulation and the
theoretical values. The aperture of the fracture is 0.3 m. The differences between calculated and theoretical values

are small.

Distance from | Dominannt |Phase velocity(m/s) Error(%)

the source(m) | frequency(Hz)|Calculated Theoretical
14.5 195.4100 905.69 908.92 -0.36
15.5 195.4100 906.80 908.92 -0.23
16.5 187.2680 887.06 901.21 -1.57
17.5 187.2680 888.85 901.21 -1.37
18.5 187.2680 §91.71 901.21 -1.05
19.5 179.1260 871.71 §93.13 -2.40
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312, AR, BHE). 1ImD 7 7 75 v —D ETFIZRDEAE 20 M IZHOE.3mD 7 5 7 F v —
o0 Th, WBRERERT. AU, ZO—BRBIFLVLS,

PDEDE S, {o»OHETERLI 02 20F R HREEL, BaRiELHEC s s5HT—
BT aZLPRERLL.

2.3 = F W
BT CERLL Y I ar—yarEqEF VR 5 LORBECHEHLLVDOLA—TH 2 (B3NS
).

773 0Fv—DEFNELTR, Sl EELL B6X). 27, MY LCFTERETNVTD
3, 73 2F%—HNDZY vy FRTTHETH 5, kiz, By bs27rThas, ERBEYZ 72
Fr—HND7Y v FREELET 2 ETERLL, =50 E LTR, Bl Ime &, 0.5m¥ %, 0.2
mis S L FEED GI5.5mD A VA ERYD 2 400 F v TRIFLI, 79 27Fv—DMH
ME1%0.1m & L1z,

B, ETRISRLEENBERXECL, £7R) CREEOEEE, b)IZRIEED ST -2
Ry bRl BROSBEERILI7OHZTH 5,

1. Fracture without contact

Fracture

Real

e

—
g

—

Model [ [ S o) o o

o: Grid is the fluid

2. Fracture with contact

Fracture

ol D ae—

'

Model 0 ° o ® o Y

o : Grid is the fluid
o : Grid is the solid

BOR WrDI7I7F%—FF N, 757Fv—DFFAELTIL, SBYEELL, 37, BEILCRHTEEEIVTHS, 7
S7Fv—NDZY v FRTRTRETH 5, ki, BMPH2EFATHS, BRI 2Fc—NOZY v VEEKET
AT ETHRBELL, =7 ELTH, QFERIEYIny 2, (b)0.5miE, (0)0.2ms &% & O(d)FE» 615.5maD s 1L
GiEMEH L 4 0DEFATRELI,

Fig. 6  Fracture models. We give density and Lamé moduli for the solid to the grid shown by solid circles. We calculate
for five cases: the fracture without contact points; the fracture with contact at interval of 1, 0.5 and 0.2 m,
respectively; the fracture with one contact at x=15.5m.
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600 \
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|Source function| _/ \

-200

2
X(1)=2A(t-t;)e ") -
A=-5x10°, ,=3.7x10°s L

ms
(a)

400 / \
300

100~

N

T 1 1
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Hz

ETHR EFEHK @CREREOKEE, O UCRBEBO/7 27 bveRLL, BROGREREIZIT5H2TH 5,
Fig. 7 Source function. (a) shows waveform and (b} shows its power spectrum. The dominant frequency of the source is
175 Hz.

Pressure source

Formation

@ : Horizontal displacement
[ : Vertical displacement
B8R HEHEBEEROH LK, RETRLLL I KENG ESEMSNEECCERFEIZML 5,

Fig. 8 Schematic diagram of the pressure source. The horizontal and vertical forces are applied to four grids. The direction
of each force is opposite.
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¥, 8 Xz ikStaggered grid finite-differencelZ3 7 A RMAEFDOBIRDO S 2 F¥RLT:. BO%
HDBELIEMNTHE. ZOLI 52T s LENEERELL 3,

WEPBR L o E 2B 3RNCERLTRT, BRI, B> ImiEn 735 2 F v — iz lmes ¥
1R T,

BRI, BRATIHES NIRTPEMT, () pHEl» w27, (b)270.5m3s 5 128#M»H 5
FOMRERT. 79 27F +—OMOEIR0. ImT » 5, LR (BY), A ORI2ES > & OFERE
(m), FAOMEEN, FEMPTLCEF vOI0MD EIZ 3 5 BKIRETHRBLLIZIRIETH 5.

BiRE L MRS BRERD 6, KPEEMCRPEN L V- 50 LIRS, HAd S CEDNMA
Y OB A OB L PIE), SEwEIY RT. (a) L DRZ RT3 EPKORIBIRGBEALE
{EH3 g0,

FI0FUC SREEMOMRED I b, (@ CREMH? L CEE, (b)) R ZOSEWMEMHE 2L b
D, (C)i2i30.5mis & ZHMd’H 2 HE6FR LI, BHIER0.1mThH 5, K3 (B, A0
R0 & OMEEE (m), A OHEHNE, AT CEF v DI0MOD B 351 2 BKIEIECEARL L I0IRIEC 5
5,

SAEEMC EES S RS OMEREZC L Y, SIRPLBERKEY & v R s, BOMA 3
ZOBAOMEBIN L SIEMEI R, B L CHBATESKEOBREEBHORIEIIEFE IR L., JOk
PRIEIEEE 2 & Bl L TRk Osymmetric E—FThH 3., )X L ()ROBDMATTL 12SiEw
LY T 2 L SHORIBUSEELEE R L3 TH S, Lal, BRIEDsymmetric®— i,
MY DH 2 HAIIZOIREVEL (NS ks,

22T, x=15.5miz LA UMY H 5270 T, BERIEOEMEPFHTAL. B11R(a) Mt
CHA, (b) B TEZTUOMEEMERLI, 77 2F vy —ORNIER0. 1ImTH 5., Hlh i wew
(B), Aot E S & ORE(m), AOWEEIL, BT L CEF vDI0mDE B 5 RKIRIETH
BALLICIRIET H 5. BN THEREDsymmetrictE—~ FO® L 2OMEBLXRLIZGZIEL, 22TRLE
DRBERBEOWEMBE TR v, LIFORIE Y BT H 5). BEREEEHATRE LTV 52 L2578y
3,

Rayleighi, Stoneleyif /s £ D IEPH, Sk & (ERERBEIH — kAL F OERPEET S 2 LIC
& ARSI A (ERR, 1978). 4D YIarv—yalDLd RERERVEET VAL, BIE
EAEOBERIIE, EFEELEFSIAMISRTC e, BE> 6 H HEEEENA L, FERK L BERIK
SHET A, TOBRBEVERSTRET L, BEEYRIATEAORAMITE, B LERDAED
BYBINZLDLEEINS, 2OBFPELXKICRT,

ZORTHE, FHRAUSOHBEOEHMMFIRL TH 5, BMEOH $ TIRERIE (S OBAdsym-
metricE— F) O¥ETH 2 EHOIREHAR AR 6 12 23, ST 8 A TEADORKAIC 2 RS
PRZISIZABEDME S 2R L, BHTE R s, 8610, HEME» 63.omiEnz AT, BEEMOH
BB Te 5, 2100, ZORIBEHEMSL VBIOBERKICHART, v L 21/BELLS, 22
SRLUZCBER W o Bk #012126.19Hz, &E13629.65m/s, HEL.99MTH 2, LidT-> T, HWRIFIKE
DIGBRETERK L FEHEI NI LD LHEEINS,

810X (c) TStoneleyilE» ER L TV 5 & 3 TR A 1D, BAOEMA TR ECT 2 b, B
HOMBPHECO TR L EEREOFH Ha TR L LTSNS, H 20 REMESFRLOKD
Kgt, FEHELELTVa2 s Lk,

Wiz, BIROMEBIZL - THREORE L L R ED L 5 o8kt 2 283 L.

39, BEOMEYREAEL 77 7Fv— R FEER(x, z)=(0m, —0.15m), z=—0.15m¢ %
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Fig. 9

AWEi20.1mT H 5. BEBIXRER (), ZEOMMENLE N> & Ol (m), AOREIE (a) RO 10mD £ ORoAIRIE T REL L 72k
15, TR & CBRNSEOMERNED 6, KRPEMZBPHEI LI I- 8 b LHNE, QARBEMTL CHAOERE L PiATE),
BoNARSHEMELRT, (a) L (DRE LT 5 EPEORIEIXIE LA EREF 2w,

Horizontal displacement components for the no contact case (a): and for the fracture with contact at interval of
0.5 m (b). The left axis is the distance from the origin and the lower axis is time in second and the right axis is
amplitude normalized by the maximum amplitude of 10 m trace in upper figure. Theoretical first arrivals of P and
S wave are shown by open circles and solid rectangles, respectively. There is no distinct amplitude change of P wave
between two figures.
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BRISTEHES NSEEM, (2B LeEF v, () (@) Ik LICHER, (0)270.5mis 3 CHEMITH 5 EF VD
BThs, 77 2Fv—HOKIR.1mT H 5, HBILER (B), AOMMIEAD 6 Ol m), A0 () ID10mD R
ORAARMETHEBIL L RIS, $HEM I RBES L CRUSOMERNFI L b, SEPHERETL V(B s, BONAIRE
AT A QRN SHEMEI R T, 10K (2) DSIED BRI R Osymmetric® — FTH . (D)X & () [ & I+
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Vertical displacement components. (a) shows the results for the no contact case: (b) shows the results magnifying
(a): (¢) shows the results for the fracture with contact at interval of 0.5 m. The left axis is the distance from the
origin and the lower axis is time in second and the right axis is amplitude normalized by the maximum amplitude
of 10 m trace in upper figure. Theoretical first arrivals of S wave are shown by solid rectangles. The wave which
has large amplitude is symmetric mode of normal modes in Fig. 10(a). There is no distinct amplitude change of §
wave between (b) and (c). The amplitude of symmetric mode is small in Fig. 10(c).
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Fo—BOER0. ImTH 5, MBI (B), A0l F =2 o O ), ADH I (a) MO 10m D 5 O FKIRIETHE
LLIIRIE, ¥% L 2 0BRHDsymmetrict— FOMELBRTRLL. (O) TRIBREZEME TR LTV 5,

Vertical displacement components for the no contact case (a): and for the fracture with one contact point x=15.5
m (b). The left axis is the distance from the origin and the lower axis is time in second and the right axis is amplitude
normalized by the maximum amplitude of 10 m trace in upper figure. The approximate arrivals of symmetric mode
of normal modes are indicated by solid circles. In Fig. 11(b), symmetric mode reflects at the contact point.
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v§=1500 m/s, ps=1000 kg/m3
vp=3000 m/s, vs=1604 m/s, p=2400 kg/m3
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Wave
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14 m

B2 ABRAOERES L OIREHAR. EBEOH 2 Ti1xStoneleyik B ETE T 5 47, HMETKE L, BHAE I3 ATHEMOK A
BITIRIHRLTLE S, 364, #MEYO3-4mBERICA TR, BRIKOHBOEMNOMBI BT 5,

Fig. 12 The particle motions of the fracture with one contact point x=15.5m. Before the contact point, symmetric mode of
normal modes characterized by an elliptical orbit exists; beyond the contact and/or near the contact, it does not exit.
However, it appears again 3-4m far from the contact.
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Vertical displacement components for the no contact case (a): and for the fracture with one contact point x=15.5
m (b). The left axis is the distance from the origin and the lower axis is time in second and the right axis is amplitude
normalized by the maximum amplitude of 10 m trace in upper figure. The source is located on the upper surface
of the fracture. The aperture of the fracture is 0.1 m. Theoretical first arrivals of S wave and approximate arrivals
of antisymmetric mode and symmetric mode of normal modes are shown by solid rectangles, solid triangles and solid
circles, respectively. Symmetric mode of normal modes reflects at the contact point in Fig. 13(b).
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Fig. 14 Vertical displacement components for the no contact case (a): and for the fracture with one contact point x=15.5
m (b). The left axis is the distance from the origin and the lower axis is time in second and the right axis is amplitude
normalized by the maximum amplitude of 10 m trace in upper figure. The source is located at (x,z) = (0 m, -10 m).
The aperture of the fracture is 0.1 m. Theoretical first arrivals of S wave are shown by solid rectangles. There is a
small reflection of symmetric mode of normal modes indicated by solid circles in Fig. 14(b).
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Vertical displacement components for the fracture with perfect contact point x=15.5 m (a): and for the fracture with
one contact point x=15.5 m (b). In this case, the contact of the fracture is not perfect. The lowest third of the contact
is open. The left axis is the distance from the origin and the lower axis is time in second and the right axis is
amplitude normalized by the maximum amplitude of 10 m trace in upper figure. The aperture of the fracture is 0.
3 m. The approximate first arrivals of symmetric mode of normal modes are indicated by solid circles. There is the
small reflection of symmetric mode of normal modes in Fig. 15(b).
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Table 5 Relationship between the number of contact and the amplitude decay of P wave. There is no relation between them.

Number of contact| AQ A |A/AO
10.29] 10.34| 1.00
10.41} 10.51] 1.01
10.45] 10.54f 1.01
10.43] 10.50( 1.01
91 10.38] 10.43] 1.00
11} 10.29( 10.32{ 1.00
131 10.20] 10.21{ 1.00
15| 10.09( 10.09] 1.00
17 998 9.97| 1.00
19| 9.86/ 9.84| 1.00
211 9.74| 9.72 1.00

~1| | Wl —

AQ: Amplitude without contact
A : Amplitude with contact
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Development of multi-level digital borehole seismometer system

Hisao ITo, Yasuto KUWAHARA, Takao OHMINATO, Shinsuke NAKAO and Tsutomu KIGUCHI

Abstract: We have developed a multi-level digital borehole seismometer system for VSP, cross
well tomography experiments and earthquake seismology. It has three level seismometers with
three-component sensors and digitize the data at 2kHz sampling rate and 16 bits resolution. We
tested the system in S-VSP experiment in Tanna and microearthquake observation in Ashio area.
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2NFUANNTOMEDID 3HE CHER (P74 b=y ) 2ERKEL, T2 rERCL
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5.

iR s = v F LR TORIE EH EEE 317 32 T= X — AL VSPH & U B Rt BB A
R TAHZIThH -1,

1. U —BEOHHE—

VSP (Vertical Seismic Profiling) H 2 Wi F €27 7 4 —PFLeEEEL LTEHS WD
2hH 3 (2 ¥Balch et al, 1982; Hardage, 1983; Bregman et al., 1989; Paulsson ef al., 1992). b
WCHERPRET A L LY, MBRMEDBRIMIMEORED COVNRELREBLRET 52 27T
55, 3LIEETRMCHEEYERATAILICL Y, BECHT 2@ BERCmET 5, VSP,
B €277 4 0 THOBETLHMFRATOREEEYLE LS,

IIBRHERPIHEATENT 5 2L 3TN Lo TE . 2 DHFFNMBBRENC L b (I
# ¥ Hauksson et al., 1987; Shearer and Orcutt, 1987; Malin et al., 1988; Fletcher et al., 1990;
Blakeslee and Malin, 1991; Aster ef al., 1990, 1991a, 1991b; Archuleta ef al., 1992, Abercrombie and
Leary, 1993; Young ef al., 1994), RSO BLE 3D THCQ (~10) # b %, HERTOHMER

* MRS
** AR
Keywords: VSP, borehole seismology, geophone digital data transfer, fracture characterization
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Fig. | Schematic diagram of the Multi-level digital borehole seismometer system.
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ERFITS, FOFRPERT AR EEE»GIEET S, TNICL W VSPEOATEE L 2 8E
DALY, ARMEBNZECA LT b RTREL LT,

B HEKESDA,/ DEHR

- VNI AB L, 2F vy VANVOWMBRES RN 7Y 2 0L->TA/DERL, ED
bR —FERDY) 7Ny 77 A% Y) CERFEESVALING THEREMT S, v 7V v
Zev—1F, T-FH (F—%E) Bt kr o RET 5,

(1) WEHRES T — 2 DI

A/DERINIHMERF —ZOPGRE M) VESEEELTT4v4 - PYFE-FXWEZY b
YHE-NTHS, Thbb, MNAESOANE WHF kit A/ DEBREELET AL T
FAvA4 - PYKUER, 7V Y AWEOWFCEST 5, MY AT 4 v ARERL, 7Y b Y VRN
FEE»CRET S,

Z0OM, T—=—Fr—InEilT, Ara=ybtarion—rirrERL, E50R%
EBRITIRD, AV —FVREHR, r—InF 747, BHEEE, v NvEREO/RREEFD,

RYATLOLFREBIRIZE LD,

B1E ~AFLAT 4 TEABFAZEY AT L O
Table | Specifications of the Multi-level digital borehole seismometer system.

Cable

Main Sonde

Satellite Sonde

Cable
Data transfer
Power

Material

0.D

Length
Weight-air
Analog monitor
A/D

A/D resolution
A/D sampling rate
Data length

Delay time

Pre trigger time
Main amp. gain
Low cut filter
High cut filter
Memory

Material

0.D

Length

Weight-air
Borehole clamping

Maximum clamping force

Geophones

7-conductor (1200m)
50 Kbps (RS-422)
Supply AC100V

Steel

70 mm

193 em

26 kg

3CH

9CH for geophone signal: =5V
1CH for temperature : 0~5V
16 bit

0.5 ms, 1 ms, 2 ms, 5 ms
2Kword, 4Kword

0s5,05s

05s,158,2s

0~72 dB (6dB step)

0.5 Hz (fixed)

500 Hz, 250 Hz, 120 Hz, 50 Hz (42 dB/oct.)
256 Kbyte

Titanium

70 mm

147 cm

16kg
Locking arm
150kg/cm
4.5 Hz/ 10Hz
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FRADFTY T FH A L30dB, A4 =y bHAD AL YT 4 V54dBTF - 2k L2, A D
AYZL AP ELTRASHzEERO b DR MR LI, 85 XICIINI-TN-253 (T.D. 502m) TO
FERG) (P REIE 2, 1994) BRT. ZORNETREEFHOBRED LD ZEMBIXI0M (3754 ba=y
MEBE) £17.5 mOKHOMME L->Tv 5,

BOSRIAECIZERTAMICISCLI2RFBOS S, NIRRT ERECEEL, MBOERE
PATEL 2L 5 SRS ¥ IAKEFE DR TH Y, PEVF v 3NSE»WRICRL S (b
Rixs, 1994).

CORED HIX20% b ET AR LSHEERERFELXBUT 22 T s 7, ZOSKVSPRIZE D &
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5 FHES-VSPizw ) 2 REIER (hRIED, 1994),
Fig. 5 An example of waveform obtained by S-VSP experiment in Tanna area (Nakao et al.,1994).
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Fracture parameters derived from P- and S-wave velocities by VSP
— Comparison of the results in Tazawako-machi and in Tanna, Japan —

Yasuto KUWAHARA, Hisao ITo, Takao OHMINATO, Shinsuke
Naxkao and Tsutomu KIGUCHI

Abstract: Fracture parameters such as fracture density, orientation and size were estimated from
borehole logging, S-wave polarization anisotropy and P- and S-wave velocities at two different
well sites; GF-2 in Tazawako-machi, north-east Japan and TN-2S in the Tanna fault area,
central Japan. Geology in the GF-2 is simple, consisting only of welded tuff. On the contrary, the
TN-2S is in a complex geology, consisting of many types of rock such as basaltic lava and tuff
breccia which are in thin layers and/or in alternation of strata. Borehole televiewer (BHTV)
could detect about 270 oriented fractures whose strike is consistent with the nearby stress field in
the GF-2, while BHTV could find only about 20 fractures in the TN-2S. These indicate that
many fractures whose aperture is larger than lem of the resolution of BHTV exist in the GF-2,
whereas the number of such large fractures is small in the TN-2S. The S-wave VSP’s showed no
S-wave polarization anisotropy in the GF-2 and strong anisotropy of 20% in the TN-2S where
the first S~wave polarization is parallel to the Tanna fault, respectively. The seismic wave lengths
of the VSP are about 30m in both the boreholes. This suggests the existence of many oriented
fractures whose size is smaller than 30m in the TN-2S. In the GF-2, however, such small fractures
are not oriented. Further, the precise determinations of P- and S-wave velocities revealed that the
density of such small fractures as a function of depth are not correlated with the density of large
fractures observed by BHTV. Results are summarized as follows: (1) In a simple geology such
as GF-2, the fractures of sizes larger than 10m-order are predominant, and orientations of such
large fractures are mostly consistent with the local stress field. (2) The orientations of small
fractures, however, do not necessarily indicate the local stress filed. (3) The density of small
fractures as a function of depth are not correlated with the density of large fractures. (4) In a
highly fractured and complex geology such as TN-2S, large 10m-order size fractures are very
rare, while the small fractures are dominant. (5) In a stratum having large elastic velocities, the
fractures smaller than 10m-order size distribute with high density aligning parallel to the Tanna
fault.

* HERIEEL
o AhARERED
Keywords: crack parameter, VSP, S-wave, logging
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Fig. | Scattering attenuation @' and phase velocity v in SH-wave propagation perpendicular to the crack planes as a
function of frequency w. @: matrix S-wave velocity, g; crack half length, nza? crack density e in a two dimensional
problem (Kikuchi, 1981).
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Fig. 2 Frature frequencies versus depth revealed by BHTV. Solid cirles denote the fractures whose strike are consistent with
the stress diretion, and open circles are for the other fractures (Kuwahara et al. 1991).
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Fig. 3 Comparison of S-waves generated by plank hammering and by detonation near a cliff.
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Shear wave generation from P type source due to irregular topography
at the surface

Takao OHMINATO, Hisao ITo, Shinsuke NAKAO
Teruki Mivazakl, Yasuto KUwAHARA and Tsutomu KiGUCHI

Abstract: These days, the requirement for S wave seismic survey is growing. The demand for
high frequency S source is also increasing.

In this paper, first we briefly review various artificial § wave sources. Then we perform
numerical computation for S wave generation from an irregular structure at the surface. We
applied 2.5 dimensional numerical computation using FDM scheme for this purpose. We present
several numerical results to show the characteristics of the generated S wave.

Then, we show the result of the two VSP experiments which were conducted to confirm
whether applying simple source near the surface irregularity really generates S wave, and to know
whether it is really applicable to VSP survey.

The first experiment was conducted so that we would be able to confirm whether the S wave
was really generated with effective amplitude from a weight drop source applied near the steep
cliff. The result of this experiment was successful. The dominant frequency of the generated S
wave is about 20Hz.

The main purpose of the second experiment was to utilize the S wave which was generated
from an irregular surface structure for the VSP survey of subsurface crack parameters. We used
explosive source near the same cliff as the first experiment and the dominant frequency of the
generated S wave was again about 50Hz.

Finally we compare the observed S wave with the numerical result.
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Table 1 Comparison of various type of S wave source.
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Fig. I  Radiation pattern of P and S wave when vertical single force is applied at the surface of half-space. Poisson’s ratio
of 0.25 is assumed. Broken line and solid line indicate P and S waves, respectively. Notice that no S wave is
propagated in the vertical direction.
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Table 2 Parameters used in FDM calculations.

grid size (Az) | 0.083333
grid size (Az) | 0.083333
time step (At) | 0.0278
velocity (V}) 1.7321
velocity (V;) 1.0
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Fig. 2 Computational region for the synthetic seismograms. z-axis is in the vertical direction and x-axis is in the right
direction. Source is a downward single force applied at the surface. All the boundaries of the computational region
are stress free boundary. Computation is terminated before the reflection from the artificial boundary reaches the

receiver.

-1 " N
10 3 3

fH/B

IR SHEMEB RO BIREKFE B EOSS & SHSRETEKRILL L 2 Bl Sa L b w2 2y~ Th 5. 0.250
By b AT EESD B,

Fig. 3  Excitation characteristics of S wave as a function of non-dimensional frequency. Horizontal axis is non-dimensional
frequency normalized by the cliff height H and shear wave velocity 8. Both horizontal and vertical axis is logarithmic
scale. Cutoff frequency is around 0.25.
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(a) (b)
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3,

Fig. 4 Snapshots of the result of numerical simulation. Horizontal component in the xz plane is shown. Figure (a) is the
result from a model with a cliff. Figure (b) is the result from a model without cliff. S wave which is propagating
in the vertical direction exists only in the fig.(a).
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Fig. 5 Radiation pattern of the excited S wave. Vertical axis is z-axis and horizontal axis is y. Because of the contamination
by surface wave or boundary wave which is propagated along the cliff, it is difficult to estimate the S wave amplitude
correctly for the receivers near surface.
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Fig. 6 Particle motion of S wave component.JJust under the source, SH component(x component) is dominant({A)).
Particle motion becomes complilcated when the emergent angle is over 45° because SV and SH componet have
comparable amplitude ((B))

Sk s, REOHTMHETIRSHEYEET 5, T4bb, RENFEILEITN U TEE LR H 5
T5 B6H (A). BREATTRyRSVSVEIHLT 2%, ZORBRELeTHE, RITL, 86
MTRZEAYBEET» 0O T 6 LT 5, BEET2EO 5200 T, SHiE L SVIEDIRIEI
ETE, MR TFREERC LI BE6RX (B)).

6. AR 2FIH LIS BREER

ERIZ 74— Pl TREOEETHETRER, Hs UREERLERSCIHACRETS
SKIREDIIRVDTHAS, WL 5142, SHABEE~DELIEE > THbh, VSPE
BFCHEHEATE 2 ERAEOSHERIRD OGN T VA LW EPERE LT, SIEREDRTEN L FEER
PRREEBHRBIT O (GF-2) Lx v TiT-o1, 2hid, BOEMETITEMOER2EHSE LI L
LY SHEPRESEBECIVDTHS (KiElEd, 1992).

AV FERZIT-IGF-23F R 2 0t L B2 222 CHIN TV A (B TR, 2DEDEETH
WRIOERD 2 VI REBEZEAI 52 Lt U - B (1990) OEBRFEMC SIS RET 5
Z EHfFa .

6.1 TIHER

37, SEVEBRCRET AP EIDPERTAND CEEE TEREACITHN L KB EITo 1,
EEBRTIE, A0 L ERORDERE (1, 12) LBy oiEnizm (13) OFF 3 M8, HEE TER
L ARERIToN., SEREOHFEYERTAILPERE L, AIEEE L VRERCEFCR
o1, EROMKE, BEOZEO2-508K (11, 12) TRELLEACIRSEOREVHRCHEET S
P, BPOENARAE ) TORBCNLTH, SR> 5Y L 3HBRATEs ko2, BELILSHKD
AW EII20HAEETH - 12, —F, FRRCRAE LI PIRO BB EIE80HZRET H - 72,

W - BAE (1992) 2X B b, RAETASEORIAHMBECHLTEETDHS, LI2Y-T, Lt

— 196 —



BHEMEOTHAMLF LRI L SIRORBREKE 1)

2T GF2##iUCEBREE THERCHCLEEETREOMR (11, 12, B) tFARRTHCLABILOME (HPL,
HP2). Ut & ENH S LB TH Y, KURIRLEY YORCFHETH 5,

Fig. 7 The configuration of sources and receiver (GF-2). Weight drop source is used in the first field experiment (I1,12 and
13). Dynamite source is used in the second field experiment (HP1 and HP2). Steep cliffs are located in the north and
the west of the experimental field. East side of the experimental field rises gently in the east direction.
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Fig. 8 Observed S wave in the VSP experiment. Only EW component in the depth range of 330 to 780m is shown. The
vertical axis indicates depth(m) and the horizontal axis indicates time(sec). S wave is dominant in the EW
component. 5~50Hz band-pass filter is applied. Dominant frequency is around 50Hz. Before applying bandpass
filter, later part of each trace is muted so that tube waves are eliminated.
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Fig. 9 Change of S wave amplitude and the shift of the dominant frequency when the height of cliff changes. S wave
amplitude increases and the dominant frequency of the S wave becomes lower and lower as the cliff becomes heigher
and heigher.But the change of the spectrum become small gradually.
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Evaluation of permeable fractures from multi-offset hydrophone VSP data

Tsutomu Kicucui, Hisao Iro, Yasuto Kuwanara, Shinsuke Nakao
and Takao Ouminato

Abstract: A multi-offset hydrophone VSP experiment was carried out in the shallow boreholes
which NEDO(New Energy and Industrial Technology Development Organization) drilled in
Iidate, Fukushima prefecture in order to detect permeable fractures intersecting borehole and to
characterize them. Our analysis is based on the model that tube wave is generated when incident
P wave compresses the permeable fracture intersecting borehole and a fluid in the fracture is
injected into the borehole. Fracture permeability, dip direction and dip angle are calculated from
the amplitude ratio of tube wave to incident P wave. Comparing with the depths of tube wave
generation and the logging results, we confirm that tube waves are not generated by the interac-
tion between P wave and physical anomaly such as radius changes and acoustic impedance
contrasts, therefore the depths of tube wave generation indicate existence of permeable fractures.
One tube wave is generated at the depth where two types of fractures are observed with logging;
one type is of high dip angle, the other is of low one. We conclude the low dip angle fracture is
permeable from tube wave analysis. This is consistent with the results of a hydraulic fracturing
experiment and a circulation test. With the tube wave analysis, we are able to distinguish
permeable fractures from impermeable fractures observed by borehole image tools. We estimate
that calculated dip direction and dip angle have errors of 55° and 15°, respectively and that
calculated permeability has the accuracy of an order.

® K

RNFF Ty b4 N7+ Y VSPERPERL, WEIPHEY 6 RET 2 F -7 HOEED I
HEEY s BRERHEPBREL, Fa—7 L PKOIREILY 6 EREBROMER HAL - HEA - EX
BB ERDL, Fa—THOREREL X ) 5 —RE - FERBEORBL 2B T L6, £
BRI OMBRENPCHFEA O =XV A EOHIEEOMENREE OPE TR F o — TR e
T, BREBROTEE LI > TFa— WP HELTCAZ LPHEALL. EALEAD 2EHOAR
DTFEVRBUEL > THRIN TV AEEPORELLFo—TIHPRITT 52 L2 6, BRI
BATHL I LERLI, IOEETOKRERBERSLEERRBRSEY 6506 0, BADBRPEKRE

* R
RS
Keywords: hydrophone VSP, permeable fracture, fracture characterization, tube wave
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Fig. 1  VSP geometry at lidate site.
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Table | Specification of the experiment

i bt EREHE 2K
AE-14F (KEKS38.4m)
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N FaZxv

TR (Mark Products#l:,
P-27-12C)
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Fig. 3 Mechanism of generation of tube wave from P wave.
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Fig. 4 Results of caliper logging. The loggings were conducted three times.
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ICOBETF 2 —7HHFREL L CET L, IOHHERBRIIHOFEA v €—F 0 ABMIHEFL
WET ARG, FERAFTHEFEL VXU AL o TFa—THBBEEL G LIEET S 5,
PEDE 5, ZIRYIFEMBOLIBELL FEBA VX 2B (LOBEBTF 2~ TP RET S
WD TRE LICESR, INoUBENEETRF2—HREREL TRV I LDl L
1293 T, ZIRAFHFOBRHMTREL TV 3 F a7 HEENEBHOFEVERTH2 LE L 5,

4. RN K E

F 2 — RO FAEE I BREBRDTEET 55412, Beydoun et af. (1985) OEF % HL, %
DBEDFBNREEEEEFOL - ER AP RD 2 FECOCTHMT 5, Beydoun et al. (1985) DA
B i HiE, Fa~TlElFa—TRPRESEIPEHORELZKD, ZDRIFHZEBHDEKEF
BB I 22 EThHs, SHEPEBCTILHOBREAYEFT VAT L E T ERRERUTE
R,

c AT SN AT OBRA YV EHE LR CHFEL, ZOBRKED 25 AL F- 12FT

TFRTH 5,
- BiFFPONE L BENOREE, PEVAHT 2 I TREIFERECH Y, BH EHIF L ORI
EOFBNEECICLIENZER L,
c ASTPIROER BIESLABROMOECT+aks -,
- PEOASHC & b BINEIIRET 3. BRIEORKIREIRLGIE, AHPIROGEKRENZENU L KRD
BErH 5,

&=u cosf

2T, QR PHOBRE~DASATH 5. 1, BEIFEOIREEMIABROMOE I <T+2
PN,

- BARN DR DTE N it StokesDFER &/ 7.

+ 1 2OBHNOF/KREILFFREIFZERNICEILL LW,

COIIRRERITILIZE Y, BREIFEOEME, ASFPHOBEERFARADOBREREERL
LTBAL VAFRNIRINIREOEHEE R 2 2 X TE 5, ZORBORKERELEFa -7
WOBHyELCETAILICE-T, Fa—7L PKORIBL, PEOBIEERUEROFERERE
DEBRERTIRORD KL 5,

PT/P==C(k, f) - D(¢, f) - cosé (1)

PT ! F 2 — 7K OIRIE

Pe @ PEODIRIE

Ck, ) Fa—7WEOENCHT MK
D(¢, ©) : PEDESCET 5%

k : BEOENRRE

f : PEOREEK

¢ . bilihkt ASPEOLTHE

G BHEMDERE AR PRKDO LT HE

BEC (k,f) £D (¢, {) CRHBFOPHE, SERFF2—7HORIEEE, HHORE, NN
TARDIEHESE, MNREOHIEREY 5 A—2E LTRAS NS,
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Fig. 5 Theoretical amplitude ratio of tube wave to P wave as a function of frequency for several permeability values, in
the case of zero offset and zero fracture dip angle.

IO G, Fa—Tkt PHEOIRIEL, PikoREERUBHOBRBRROMMR LR T ERIMHRY
Kz, HBEMBOFPESEIIRT, INREBENYoF 7Ly VT, 2T 2 EKMEABRDMH
AN, D2 W HFLERT S LY, BROBKEE L 10mdD 5200md $ TEILS ¥ 125 EDER
BTH5,

AROERTIZIDDOA 71y PVSPEFHPFHE2DT, (DR (2)RDI ST EH TS 5,

(PT/P*) pg1 PxyaE-1 Py,aE~1 Pz,aE-1 Ny D(¢AE—1v HyT
(PT/P*) ag—2 | = | PxyaB-2 Dysab~2 Dzoap—2 ny | - Clk, ) - | D(¢agp-2, ) (2)
(PT/P?) g3 DPx;aE-3 PyiaE-3 Dz,aE-3 1, D(¢rg-2 f)

(PT/P) 5, : BIEAEAE- (i=1, 2, 3) OVSPil&H» okwloFa—7K L PEROIRIE
EE:
(DxyaE—1,Dysae—1,Pzae-1) - BBMLEBEAE-i(i=1, 2, 3) 6 AT 5 PIROBATHE~NZ b v
DK,
(ng, ny, n,) . BREOHAFEESZ b v OB,
C(k, f) : Fa—7ROEN BT 2 Bk,
D (¢re_» ) : BIEALIEAE-i (i=1, 2, 3) »6HELLPEROENET 2K
Pue- - BIRMLEBAE-i (i=1, 2, 3) QAP LMD L THE,
f @ PO B,
k : BAOBKGEK,
(2)RPD (Duyar—ts Dysabts Dasaiot) & dap_ii2 D0 T, B v F —  FEIEH ATHS A BH SRR (1991)
& A ZIRMIIFEFONHFHORERBOMEE, G RERELRD LA br—2TBZ LIZLVKDB
LHTE 5, (2) ROFEBIZD 2D 5 L, D (dapy,f) HEFTZ7 Ly Pz Tk B2 LS
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TE5%, LId'o T, (Poas—iDysse—i, Poae) (1=1, 2, 3P ENFRMITH 2554, BB
PHAECHRD, ZORAEKCFIAF - EMIFPEORELZZA 72y MO0 TERD T
()ROABIAL, (0, ny,n,) EDOCTHL L, BROEHRAM-ERAYRE 2. BROEMNS
fr - AR E U, (1) Roepki b (1) X oFa—T7KE PEDIRIELL, PIHEOREEKR
UCBADBRGBHEOMG Y FTHRBIMSREIE G LA, HEiREhIE L VSPiéEy &R 12 IRIGIL % kT 2
Thitkh, BREEERDLLYTE S,

5. R T A R

B2MORHMTRT L LK O OEETHEPIEYP O F 2 —7TWHREL TV 52 L HVSPER
Hrobhs, SHOREFTIREENM~60mMD L 52 Fa—THPECREL TV 3REND Y, 3
ELRFa—THEOBI, MOFEETRELLF2a—THOKBLEL YAV, ZOKREDEHEOD
WIEZ KD 5 2 L VRELIFEVDH L, 20120, FRETE, WOEETRELLFa—THE LS

F2k VSPiLsEk» 6 PKLFoa—7HOIEELRKDI v — RADEE,
Table 2 Depth of traces in which the amplitudes of P wave and tube wave are calculated.

(a) 83.25m
AE-1 shot AE-2 shot AE-3 shot
depth of P depth of tube depth of P depth of tube depth of P depth of tube
wave trace (m) wave trace (m) wave frace (m) || wave trace (m) wave trace (m) wave trace (m)
77 88.25 75.75 88.25 75.75 78.25
79.5 90.75 79.5 90.75 77 80.75
89.5 92 80.75 92 795 90.75
90.75 92 87 92
92 90.75
92
(b) 67m
AE-1 shot AE-2 shot AE-3 shot
depth of P depth of tube depthof P depth of tube depthof P depth of tube
wave trace (m) || wave trace (m) wave trace (m) || wave trace wave trace (m) wave trace (m)
62 72 63.25 70.75 65.75 70.75
69.5 73.25 64.5 74.5 67 72
70.75 75.75 69.5 80.75 69.5 78.25
72 77 73.25 89.5 75.75
73.25 78.25 745 90.75 77
745 795
77
795
(c) 88.25m
AE-1, AE-2, AE-3 shot
depth of P depth of tube
wave trace (m) || wave trace (m)
82 92
92 945
98.25 97
99.5
100.75
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BET A2 LATC S AIEMAES3.25m, 67m, 88.25MTRELFa—T WO THITTHI L LT 5,

Pt Fa—7HORIEORD F OO THHT A, PEPOLFa—TWHIRAEL TVLEETIRP
WEFa—TWHEL->TLEIDE, ZRENDIRIEXRD L Z LT3R, ZOI2®, PRI
CTRF -7y RAEL T 2EEDRIKRD b —2DPHORIEY KD, 206 EHEENUT 2
Lo Fa—THROREFEDPIHOBIEL KD 5, Fa—TWIZOCTREZDRAEL T 2HREDH]
BO P —ADF 2 —THRORIED FHEZ KD, TNPREL T 2EEDRIEL T 5, PIEL Fa—
THORIEL KD 2 ev il ZnF N 1 EAMSOREEACAZI L LTS, OB LOELYFILL -
T1EMGORB LRI EVTS LCEACE, 2OFEDORIEZRD ks te, RIELRDIFEE
WE2RIRT LS, 83.26mBELEDEA, A 7Ly MILoTLEL Y PHEIM~6EE, F2—7
W3~ AEETDH S, 6TMREDEA, A7ty MiiLoTHREL Y PEIH~BEE, Fa—7H»3
~S5EETH S, 88.2oMmRBAEDEA, PRI SIEE, Fa—THI3EETH 5,

MBI P R F o — 7R O SR R 9400H T H 2 DT, IRIE %Ko 2 Bk L L T300Hz, 400
Hz, 500Hz%: &A1, B2 R IRTEEOERIM I ZNFNOREHIZ D0 TROHMD Y Frex 7 4
W RHE R [T, 7 4 v R LB O Opeak-to-peak ## A Y, 2N EFNOFNKDIRIEL T 5.
3ODF a—PWREEEIZOCTPIEEFa—THOEEY KD, ZRGIEE, GKRDIZFa—T K
LPIORIERZHE 3R IRT, FIRDRELOBEEPI L F 2 — 7 KOREOBERED 6K
Twb, ZORELRY (2) AT AZIEICE Y, 83.25m, 67m, 88.25maEKEBRDER)
fr LR AR E 5, SREECRKD 1ERF AL ERAD S H400Hz 20 TR 2EZ AT, (1)
Kb GIRIEL - B - BAGEROMBEYRTERMFEEONL, 0L LTHELERRESE
6, BT, FSHIIRT. 2L HEBIMER L 3ERDI00HzD & 3 DIRBLOME R IET 2 2 Lt &
b, EiEEA00HZ 231 2 B/RIGHEAOR 2 5. FFEZ300Hz, 500Hziz DT b BEKFREEERD 2 2 b
TS, 2D& 5L TR IBEKEBBOER SO, HERA, BREROMBEEE 4KITT.

E3&K VSPEsky 6 ERMEIZ 20 TRD 2F 2 — 7k & P OIRIEIL.

Table 3 Calculated amplitude ratio of tube wave to P wave for each frequency.

(a) 83.25m
AE-1 shot AE-2 shot AE-3 shot
300Hz 1.001+0.24 1.34%£0.12 0.95%0.17
400Hz 1.04+0.05 1.13%£0.10 0.98+0.13
500Hz 1.0310.11 1.031+0.08 1.01+0.17
(b)67m
AE-1 shot AE-2 shot AE-3 shot
300Hz 0.79+0.22 0.991+0.23 0.19+0.05
400Hz 0.6910.16 1.17£0.13 0.261+0.04
500Hz 0.70+0.19 1.413+0.18 0.42+0.07
(c) 88.75m
AE-1 shot AE-2 shot AE-3 shot
300Hz 0.4530.12 0.53%0.07 0.46+0.14
400Hz 057+0.13 052+0.04 0.50%0.06
500Hz 0.74+0.17 0.55%0.06 056+0.11
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Comparison between theoretical curve of tube wave to P wave amplitude ratio as a function of frequency for several
permeability values and actual data (closed circles). Bars show errors calculated from standard deviations of P wave
and tube wave amplitude. Theoretical curves are calculated using fracture dip direction and dip angle valued for 83.
25m and for 400Hz, respectively. (a) AE-1 shot, (b) AE-2 shot, (c) AE-3 shot.
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Same as Fig.6 for the depth of 67m. (a) AE-1 shot, (b) AE-2 shot, (c) AE-3 shot.
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H4k BHRBREOMRIELY 6RO EKE & HOMBAM, @R, BRMEK
Table 4 Calculated fracture dip direction, dip angle and permeability.

(a) 83.25m
dip direction | dipangle| permeability
300Hz S38° E 27 110md
400Hz 813 E 20° 120md
500Hz S4 W 17 150md
(b)67m
dip direction | dip angle| permeability
300Hz S23" E 52 90md
400Hz S37" E 50 130md
500Hz S46° E 47 210md
(c) 88.25m
dip direction | dip angle | permeability
300Hz S28° E 22’ 20md
400Hz S12° W 26 30md
500Hz S28° W 35 60md

6. % &

6.1 RERRERER - MUBRR L DR

VSPEERTZIRGIH & LIcHF-1ai3, VSPEBOBNICH = A ¥ — - RN S B HBE (1992
a)ld » T, WEES3.6mMIlis - TREMMERYER SN, ZOHiHIBTV, KIEBIREREZCMON
H i OEERERSITbR TV 3, Fo— 7% A TR 12IEESS. 25m OB/ B DS i - 5
AL, TROERPLBONIERLIET 2. 8 9 RIKEBBERAT%D83. 25mAAEDBTVOIE
HFORr v FERT., RPOBRPETHEAF vy FLELDOTH S 2D, EEOBAIE L BRI,
B OAFRT & 5, KREHBERINICIZEES. emtHE b OEAOBANFEL TH Y, 2OBH
B2 7 THHERSN TV 5, RIEPFERKICIE, 83.09°683.8m & TIzXda, b, cTRS L7 EMA
25 ~40CDEATHEEY CEECEM T 2H L 320BAVKREINT V3, ZHLEADREDS
HL2olaATRONL VI L GRERERC L > THIZICERANWLEELLR, 12327 iihb
BELAST 5720, KRERRC L VBRFOESAUAVHOLLIEZLONE, 3L, BAOARDOA
ZUE R T ORI I KERRREER I & - TEILL Tu v, KIERBRERY%, HF-lafOFBEDAE-
13, AE-23k, AE-3FHTHELGEL T 5 2 LW PTSHRBIZ & Y EEZ S 1, AE-239F O EERE i iR
DEADOBHEVAELNS, LD X 3, KEFERC L VEAOBRAVERS NI L, HEHOEKD
WFTEGPERIN I L, EBLHHOBEVERAETHE I LEYL, IORELFET 2EA
LEAOBADS b, RADANNBEKIESHTH 5 LUBAINL T AVKE — -« EERIHEAWRR
kS, 1992a, 1993), Fa—T P HACIBITOK R, BHOMEF LY EEY - EENE, Hilas°
17°~27TH b, REBHRERE» CBONIRERELFENT L, 2O Ly oFa—THEHCIZRIT
3, AR - N AR A HBOBHUYTHELET A5A, BB ZS TLVARPKRT S
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Fig. 9 Results of BTV logging at 83.25m before the hydraulic fracturing (a) and after the fracturing (b) (after NEDO,
1992a), The broken line shows a trace of a pre-existing natural fracture, and the solid lines depict fractures created
by hydraulic fracturing. Because these lines are sketch from the BTV, thickness of the lines do not show the real
aperture.

LY TCEAEMEFETCHEIEELS,

KRR EERZ CBHTVOREVEUE S 0 (B, RRE), % OWRES3. 25mAE D Lek% H1051C
Tt 1M (a) B REHEDOIRIE, (b) BREHERD GHELLERERL TV 5. RBWATRTEHAD
B, ab cCRTEAOBHESREIN, ZNZNEIROBTVOLGZIOBADOBE LIEAOBA
CaE LT e s, BHTVREGTR, BAOAZIIAZIEHIE L, £ RT & 5 iz HuE s hE
KL THEOFRERHF L CEIITHY, BAOBIIBREIR GERME LB, MRTLv. Froiv
RS OB (19922) OERY GRINB LI, BAOAHROAVEREBANTH S
CLRERET AL O, HAOBHNO—ESTEBITL L I IR L 5 DIRLTEE DK EEIZUTH
BRERRT L OTI 2, BHTVOSRETHEAOBREHAK R TS LroEEL 2 I LY
Tux5. Lal, BHTVEsky 6170 TIk, TOEEOBEKEARL L THAOBRER> TRATHE
MEDRE G, sk 51, BHTVEGy 6B EA LU T 2 2 L REELHAYH Y, BRERR
oo rrtaieniiil, ~MFe 74 VSPTHREIS WA Foa—THERACLFTEREHC 2 £
BE¥bs,

YERE6TM L 88 25m T KEHM SO BREREMT s KB T b Tv L ud, F= A vy — - &
B H R OB RHE (19922) RZIRBIFFTHEED Y 5 —%) F<EREBETS X T K- A X ¥ F
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Fig. 10 Ultrasonic BHTV image at a depth of 83.25m obtained after hydraulic fracturing. (a) the amplitude of the reflected
wave, (b) the radius calculated from the travel time.
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— (LUFBTVSE®T) #ERL T3, BTVSORFED 6B 6 N/ iRETMANE D BREOHEB A
53, 72°, 83", EESSMAHEDBIDMERIAIL26°, 83 TH 5. Fo—7HEHCIREND LRD ILIFE
67m L 88.25m D B/AKIEBADBEF AL Z N EN, 47°~52°, 22°~35"TH 5 Z L» 6, BTVSIZ & b
L8O S b, EETMTIIGS, HESS.25m T2 DBV ERETH S LHET S 5,

6.2 FKEBHOMIE T 5 MBS

INFTIERAINIZAA Fr 2+ Y VSP (Beydoun ef al., 1985, Hardin ef al., 1987, Toksbz; et
al.,1992) D EHUEHREIZI00~200HzT H o1z, 272, $z A ¥— - EEREMEAHREEE (199)
BRZIRIEEOHIIFC T THEA 22 22 BRICHACIANA P74 Y VSPERY ER L 12727,
MEPIKILIE LA EBRI Lo, ANOVSPERTRERCEATEPHC3 I LICL Y, Sl
iR E400Hz 0 & B O R PEIRT 5 2 L2TT S 1o BRIBEGESH & » TEMS MY mLEL, W
PR LFa—THOFENBESZ LY, EHEEOD 2 F 2 — T IHREREXRDLI LYV TEIZ LS
2tz

Ly L, EREERD 4 Fe 74 Y VSPRETH-> T, BHTVSRBTVICHh~ 5 L HIERMBLHC 3
AR DI ED 22, SEEEE» I VKL X 3, PREES3.26mT I, VSPilékd LKA DB EKRMGE
THBHIEREKD B EHT S, ERFN - FERAPRER CEEERT 3 20RADBR L 5
LTRIBTAZ LTS o0z, 200D, Fao—7HREEECGET RISV TEEPAR
DEEDEREEH LD EBHTVE LI 3 BAD vy YU 7OER BT 2 LEYXH 5,

6.3 BREBHDOFEDTEM BT 5 MIEA

F 2 —7K L MIEIPE ORIE L, BB CERMREROBR LR T Eimdif L VSPiTsk» 6k 7oii
MEi 2 i+ 5 2 Lok b, BARRE RS2, VSPERED 6k IIRIGH £ BRI RO B ik Bk it
PHERT 5 b, EES3.25MmDAE-2HFFE (58 6 X (b)) OHFA T, VSPIR&» 63K IZIRIBHLIEEM
BB ARG I R EmMERL, ERMBLER—BLTV5, Ll, 200%HAE, R
MG RS IRIE L o T b, EREIBEEIC L 2 LHECIRISIEATA S b, BRI L —3K
LTw e, RIBROREEEFES—F L2 VER L LT, 300Hz E500Hz 30 T i 5EHEE K #0400
Hzi kR TP BRI F 2 —TRDZFANVF /N3 L B, S/NEIMET L, 400HzIZ 17 5 iRIg
Wi HRTRSELBEVFEINA I EPELONS, ABREKTEEY—BL v, EREKTEKD
PERREROM O & » L, HEEPKRS L2 ERE 2EKFEERIKRS(LoTv5D, £
NENDA —F—OFPEANIZIZMNE > T 5,

BIRIRT LS, VSPRGEP LRD I Fo—T L PIHOIRIBILICIRBEI S 05, IRIFHEC
BEVEINAEA, Koo aEKMRK ERFAH, ERACEOREOREYH L P REY, ¢h
CIEDEBEEME Z > TEET 5, FIRLRTAERD 6 e AFRMEORIGILICE L BREDTEY
HGRIT%TH 5. PB4 RS 25mD400HzDE A2, AE-1HRBEORIELY20%KE (ka2 ¢t
2& o TR 2RO, ERHA, BAREY E OREZ(T 2 »HENL L, AL ER A IRE 4
RIETED G 2NFN2, TR Y, BRKEEIZ12%M 2 T140md LK - 72, RIBHEPSELT 5 ¢
NS S TEBHES RS LB PR 5D, EAHFMKRE (B L T BEEL AP
WOLTHERLLLPERLECI EVERTH 2 LEbN S, HRRR L IRIELO B RFIED
—HLEVHEAYDH LI LRRIBILICBENEINA I L 2EET 2 L, K b nsERF L ER A
2 ENENEKRSS, IREORENE TN, BRRERA —F—DREOBETHL LELLNS,

REBREIFCTIRATMOVSPERIUMZEBRBEHEIRKD TR VD, Fa—THEEHCTRD
RERFEPESE, RETAILRTE Lo, HiHFFRA ML VBREEOEKEREY kDI
i HBrace (1980) 12k Y B3 TwH Y, 2DFEKFERDMEIE, 1pdd 6100mdDA —&—OFHT H
5. %17, Brace (1980) ENMEEEPRDIGFHFDa27»oBonlcBKEROMB LB TS Ly
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2 6RO 12 FERREDMEI, Brace (1980) OFERTHBEREDRGIGATHEAL Ty, BROFKRME
BELTRETDHA LHEET & 5.

7. K W

*NFAFTEy b4 F ey U VSPREERL, Bl lFoa—7HERCIEN 2T, HidEe
YD 2 BARMEBRP L 2 DFELRYD, KEEBERCPHRBEOSBRE LI LI, 2OER, ko
EVBGHh T,

ZIRIFMAS TRE Lo F o —7RIE, 2ORAIRE LREHE PR LICEE, AiFoni
LR HES -2 ABLOBETHREY T, BAEBROEECI>TRELTVAZ DD
DY, Fa—TRORELHCTEREBREPRETEZ LHTER,

BRI TEAaLEAD 2EEOBAYVHER I NIIFE 2w T, VSPiiéE» 6Ky o@kiEag
DIER S AL ER A, RERRER, EERR, BTVEOHEE» RO IELFMLI, 2Oty
6, Fa—TWPHCIHBITEEKEBRL 25 TR CABRAPRIT B LTI 2BUMLFETCH S
LE2 3, BHATVED s 8O~ vy C U 2T H 2 RBIZVSPIZ R THBE LS © b5, BRMEASR
LESTROCARAPRNT A LREABTHL1:D, "I Vo753 VSPE B3 Fa—THERCIME
MEHaADbEL2I LIS Y, FREOBCEREBRHO~ Yy U Z7DRBEIILZ LEL OGNS,

VSPiEskD & Ko o B /ARG E, EEFOL, ER A OME o v THRET LICER, @R L ERE I
FNFNEKSS, 15OBEOHMTRD 6 h, ERBEHIEA —F—ORHETRKD Gz LHEE LTz,

BE HmA X - EREIHEA R ARBORRE L BHOMA R ILEEL E»r > TO RIS,
BT —2OFHEHFTL TR L, $8, VSPF—42ORBE, ISHME ) OR £,
FEEMBRROW DL 2 L2 AR, LLTEHCLET.

X #

Beydoun, W. B., Cheng, C. H. and Tokstz M. N.(1985) Detection of open fractures with
Vertical Seismic Profiling. J. Geophys. Res., vol. 90, p. 4557-4566.

Brace, W. F. (1980) Permeability of crystalline and argillaceous rocks. Int. J. Rock Mech. Min.
Sci. & Geomech. Abstr., vol. 17, p. 241-251.

Hardage, B. A. (1983) Vertical Seismic Profiling : Principles. Geophysical Press, London, 509 p.

Hardin, E. L., Cheng, C.H., Paillet, F. L. and Mendelson, J. D. (1987) Fracture characterization by
means of attenuation and generation of tube waves in fractured crystalline rock at Mirror
Lake, New Hampshire. J.Geophys. Res., vol. 92, p. 7989-8006.

Huang, C. F. and Hunter, J.A. (1981) The correlation of “tube wave” events with open fractures
in fluid-filled borehole. Current Res., Part A, Geol. Surv. Can., 81-1A, p. 361-376.
and (1984) The tube-wave method of estimating in-situ rock fracture permeabil-
ity in fluid-filled boreholes. Geoexploration, vol. 22, p. 245-259.

A0 F- REEN - FBAB (1990 A P74 VSPEIZL 277 2F v —DERGFROM

£, WIREEEESER2E (PR 2 FEET) EMHIESHERXE, p. 208-210.

- FRAE - RERA - PREM - KREREME (1994) A V74 0 VSPTRIEERESH

ERREASRO iR, YEEEESEIN (FR6EEKS) EAEESEERCE, p. 20-24.

Kitsunezaki, C. (1971) Field experimental study of shear waves and the related problems.

—224—



*NFF T2y b4 74 VS Pz L 2 ERTBREOFMRO 3b)

Contributions, Geophysical Institute, Kyoto University, vol. 11, p. 103-177.

Li, Y. D, Rabbel, W. and Wang, R. (1994) Investigation of permeable fracture zones by tube-
wave analysis. Geophys. J. Int., vol. 116, p. 739-753.

b ¥F— EERMEAMAEE (1991) SEEERES R T AHMER TR 2 FEMEHERD
B —, 39p.

——— (1992a) SESFRE S R 7 LB — TP 3 FEMEEFOME—, 64p.

——— (1992b) PRE 2 GFEMEEEHITEMRIEAE NI BRI MR AR
B (REERR) |EE (BH), 359%.

—— (1993) FREERE S R 7 AHMEAR - TR 4 FETREROME—, T1p.

Tokstz M. N., Cheng, C. H. and Cicerone, R. D. (1992) Fracture detection and characterization
from hydrophone vertical seismic profiling data, in Evance, B. and Wong, T., ed., Fault
Mechanics and Transport Properties of Rocks, Academic Press, New York, p. 389-414.

IWAFS-AD HmEFEE(01992) HAMNER - FEZESC L 2 MEEROEETER, WHEEEE, vol.
45, p. 32-47.

White, J. E.(1983) Underground Sound. Elsevier, New York, 253 p.

=1225—






MRS 52829, p. 227-254, 1995
Rept. Geol. Surv. Japan, No. 282

ERERWEMEEFESS 7 1 DB E ¢ DOIEH

BERZ - RIE—** « KXREH*
RE . SLiEr c BE S

Analysis and application of seismic traveltime tomography

Toshiyuki Yokora, Shuichi Rokucawa, Yasukuni Oxugo
Jun Matsusuima, Teruki Miyazaki and Yuzuru Asuipa

Abstract: We deal with two topics in this report. One is how to avoid a problem with a
weathering layer in reconstruction of traveltime tomography, and the other is a processing

technique for S-wave tomography.

On the first topic, we developed an inversion technique of seismic tomography for reconstruct-

ing the subsurface velocity image by removing the effect of a weathering layer and applied it to

the detection of fracture in the Tanna basin. The combined use of surface-to-well data with cross

-well data improves the horizontal resolution of velocity distribution due to the increase of

vertical ray paths. After applying the proposed method to the field data set acquired in the Tanna

basin, the following conclusions are derived.

(1) The proposed method reconstructs the reasonable subsurface velocity image for detecting
the fracture distribution with high accuracy.
(2) In the tomographic survey of vertical structure such as a fault system, it is desirable to
use not only cross-well data but also use as many data of vertical ray paths as possible.
(3) If surface-to-well data which have a lot of vertical ray paths are used, the effect caused
by weathering layer of low velocity should be removed in order to get the highly accurate
reconstruction image.

On the second topic, we tried to pick up S-wave information in the tomographic data by

polarization filter. Then we evaluated responsibility of both P-wave and S-wave tomograms with

checkerboard resolution. Analysis of the field data set acquired in the Yutsubo area revealed the

possibility of the effective use of the S-wave information in tomographic data.
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Kurasawa, 1992).
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Keywords: Seismic tomography inversion, Vertical ray path, Weathering layer, Polarization filter, S - wave tomogra-

phy
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Fig. 1 Flowchart of data processing used for ’how to avoid a problem with a weathering layer in reconstruction of trveltime
tomography’. Weathering layer removal shown in this flowchart is a proposed technique described later.
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Table 1 Inversion parameter used for 'how to avoid a problem with a weathering layer in reconstruction of trveltime
tomography’.
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Fig. 2 Comparison of cross-well tomography with cross-well and surface-to-well tomography.

(a) Vertical low velocity model.

In case of cross-well geometry, @’s are sources and (s are receivers.

In case of surface to well geometry, [ I’s are sources, and both @’s and O’s are receivers.
(b) Reconstructed image only from cross-well data.

(c) Reconstructed image from both cross-well and surface-to-well data,
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Fig. 3 Idea of the weathering layer removal.
(a) Pairs of source and receiver whose paths pass through the weathering layer.
(b} Source and receiver relocation and arrival times correction.
(¢) Relocated source and receiver sets used in the inversion.
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Fig. 4 Comparison between ordinary process and the process with weathering layer removal.
(a) Vertical low velocity model.
In case of cross-well geometry, @s are sources and (O’s are receivers.
In case of surface-to-well geometry, [ |'s are sources, and both @’s and (O’s are receivers.
(b) Reconstructed image obtained by the ordinary process.
(c) Reconstructed image obtained by the process with weathering layer removal.
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Fig. 5 Topography around the Tanna basin.
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Fig. 6 The location map of the wells in Tanna basin.
A broken line shows the trace of Tanna fault.

A single dot and dash line shows the line of seismic refraction survey carried out by NEDO (After NEDO, 1991b).
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Table 2 Specifications of the data acquisition in the Tanna basin.
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Fig. 7 Observation geometry.

Shaded area exhibits the coverage area in case that the ray path are straight.
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Fig. 8 Velocity distribution of shallow zone obtained through seismic refraction method
(After NEDO,1991b).
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5, 3612, 2BROBEMAFRY EERBOMEIEF T 5 LiE, M EZ T LDOMEED £
blzo TEBEENSCEZELTLICI LEPEKRT 5,
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FeaZEiid-T, WEPHRETE 213 DRESFRBEEL b DY TR LB LFERT 52 E0°T
35,

i TN-1S
00
[ I\ ]
3000 | VAN Tast 1
[ N ’A \ I/ N nn A Sonic Ic>gI ”
[ . #)6/_ ——~=Cross-well tomography
TEE 2500 ;/ \_\ ':, Lg {k ~—-~—+=Weathering layer removal
s TPl o 5 V, 3 \‘:
2 r ™ . g
g 2000 S
1500 F
1000 Lo oo e aa b a o ad s b ealanag
100 150 200 250 300 350 400
Depth{m)
TN-2S
3500 rrrrr v
3000 [ A\ / et :
g \ J//._,’Z Sonic log .
I 1| —=———Cross-well tomography
’g 2500 v /’h‘: ——=-~Weathering layer removal
£ - AR =W ]
g 3 [/’ g
e 2000 [ 25
f\/
1500 F
3000 Lol oo dw o bl aalunuy
100 150 200 250 300 350 400
Depth{m)

B PEST 74 L BEREIC L B HUHE DR 7 O iR
Fig. 10 Comparison of the velocity obtained by tomography and sonic log
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Fig. 9 Inversion results of the Tanna tomography.
(a) Inversion result obtained only from cross-well data.
(b) Inversion result obtained by the ordinary process from cross-well and surface-to-well data.
(c) Inversion result obtained by the process with weathering layer removal from cross-well and surface-to-well data.
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PROCARCRETH2 ZLEHL, HEFIAHINTOLROERD I bO—2TH 5 SIHOHHK
PRHATAI L0 TOEERITo 12, RETH, SEXMMET 572912, Polarization filter &
Wiz d, SEMNEZSFLALPHNES T LOBEMEDIMEZH12 - T, Checkerboard resolution
PHGVBZEE LT

3.1 Polarization filter
AsELER L B 1o Polarization filterid, 2FHT, 205 b0—o2ik, BE L (HGWOLNRE, B0
BELHCRHETDHY, $5—2RPEMNEZSLPERTIBCMAIEP T2 PIHANAZE
CRFETHE, 22T, $TR»UVEERPRCRFEOBMEZ L, 20RPEAFAYHCRY
HBlE o THBECHMET 5,
A, KPR FIRILFED? &, KRPEHATPELANVEFERAE T HEEHKX () P¥ERINTV 5L
¥, BEHBRSLHZ(G) LX) 2HCT, SVIEGEHE,
Uyp (t) =-sinbs + X (t) +cosbs + Z () (4)
LEBEINA (B, 22T, GRSEASFATH ., i, EUCPFRIEASVRILL T 5L
T,
sinf=(1 —p2» Vi2(2) )%, cosbs=ps + Vs(2) (5)
LELEHNTE R, RIEL, V@ BEEZIRU A MBOSIHEERET, HERBLE LHYKRD 2
IEPTE, FRpRMBELBTOSEORP I AR —AATH A, 272, Greenhalgh ef al. (1988)
13, Polarization filter @ i T#EER D 6, & L IZSEORETHFEOEE LEFAL, z N OEEI FiEE
S¥LHEFRLTV S, ZOFER, FHIZCSVIREELERT 3 Frditsk (Converse rotation opera-
tors)
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Fig. 11 Basic idea of polarization filter.
(O’s indicate geophones.
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PERL, E@®EREEEDUL(H) 6
G(t)= {1+ (B(t) /e Up(®))®} % (7)
PR, 360G FPHCT

U,(8) =G(#) * Uy (t) ®

PHLOBFETHSE, T I2Teld, Cut-off ellipticity L'FiTh 3 & DT, 20, OEQW) /U,
(1) <eDfftg, EHANINRELE LT R3FFOTANVTFDEL PHFALCCFADKF#H-> T
CHBACHNLTIE, G 273y e RI¥ A LI Y ZOWBIYERA R, QE () /Us
() >e@EH, ECHANINRE L TORRBOLAVEYHEFLI LOHRORTE £ Fo
TOBEAIHNLTER, GOPRLEAFE T3 LI Z20KMIY2HIBESY S, 20DL)
LTk oG 1, BROIREI AR Z2H- 2HERR S L bmfFs iz oL k5,
PIASHEZ HCRFER, URFLPORTOLOMEE LT, PEEEMG AL TV br—s
ZRITONREROAEZHCE, ZOFEHETI, PHLESHEOBBIIKRELECYEZCLLIRELS
ATHEY, ZOREFBLCINLCIHECRERRATRETHS, 12100, RyrUBERHC 3 FFECL
MLTHECLERDAIEDTEBECIAY v b EE-> T 5,

3.2 Checkerboard resolution

Checkerboard resolution & 1, B3N P &2 2 OBESMIZ, B FROBEERCER L2,
FOEERCTPEBPRELLEZETTIrEZ 7244 05=Ya T L b, HHEOLERS
HOTFT, PEZIZLDEDE D LA FHKINTOL 222 HENCRTHETH 5. 2DEBHF
B, BLRRNRLIGETOTHY, DEERLFOBRLEEER SN EZ 4 0F =y I —K
~—FNR—2FTNEERT S, QPEZT7o2ERT AL IR 6 NUHERERCB>TF v A
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R—VETFTNVOREMETO P S T L DOFEETE > THRFROFERCELPHERT 2, L) A
FoZw Lk s, BRARNCBTROEERS FPRFERIALES TR ME2 5 2DEHEFFV
LWy S EDIT B,

3.3 724 —nwFF—x~0DEH
2 2T, Polarization filter % &EEHIR TH T A v ¥ — « MR AOFARMEEC L - THES 0Lz 7
—XIZEH LT,

3.3.1 BWBERBROBE

FrHEA LIRS — &3, 19934E3H 308 » 66H27H, 19934E10H14A»* 6100 15H, O
bizo T, KGBEFHC B - THT AV — « EERFHSARARME L - THEI iz, kR
BPEMUR O ERES IO, BBXIRLIZEF I TH A, Figit, B LA EPFRUEEDR
A ICREABECZL->TLY ONT A (BiEASHE RREES v —7°, 1982),

RS YRR, N2-YT-1% L OFN3-YT-2 L Wi 2 25036 CH 3. Ml ORI iz
HBRBIFTH A, B—RBLansfA s eTh, EROEBRZVRELAHENL 20 Fxin
F— - RS A B MRS, 1992a, 1992b).

F-ZWBOLREY, EIFCHET, HARMCR, YT-12%EH, YT-22Z4RHF L L, BEICEE
BEHCR, RIEL, ERoILETmICHse T, YT-20%EH, YT-1#%ZiRFL L, BFC7T
FrieRoel, ZIEBRZOCTNOEA S HIHFNIKRIMETTH 2. F—FEIGOHEF 2 YT-1% i
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Fig. 12 Flowchart of checkerboard resolution.
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Table 3 Specifications of the data acquisition in the Yutsubo area.

WHMES 270.7m

(a) F—#mB1 (FH)
2R HiIRHR(ER349)
BERH YT-1
RERR E#20m
REFE 700~1460m
REX 391XV
EHAR EE1E
EiRi 3R A T
ZiRH YT-2
ZiREH A EHE20m
RIRRE 660~1660m
ZIRY 51
Y7 NVERBR 0.25msec
Va—FKER 1.5sec

(b) FT—HmMIF2 (FLAAEEHS)

BR ITHY
BEH YT-2

RERRE ER20m
RERE 1060~1660m
RER 311XV
EAK ERE3E

2iRR 3IWBA T
ZiRH YT-1

R ER ER200m
RiRRE 1200~1660m
ZR¥ 24

Y TV FIRRR 0.25msec
ba—KE 1.5sec

2, YT-2%#8hic Lo TRL b OYFEURITH 5, ARG, FEWMFTOvrEIFKE I L,
YT-10FEE#750m ~1400m»> & YT-2DEE#1250m ~1600m iz @b > T OB F L Z Ldibh 3,
CDERRDKINIL, 2DEETOSMBREFHELTTHAILELLNS,

3.3.2 RBFF—9 NMEMR

F—REMORNEERIRT. IERSEHY O EEIEPITVERZE Yy 2T 52, PO
BA, BRNREBETmPROBRFmE T 5 51 (Yokota ef al., 1992) #Fv, SKOBEAEIL,
Polarization filter % 57— 12 O $%1230~100HzDBand pass filterZ» 1}, Sik7 x4 XD — 7
PHRARSH®I, 1/ 4AEEFOEEPII( LiCL ) SIEEBROTRARYWEE LI, f =Ygy
2RO TIE, PROBALSIHEOHBAVRICLALIT-/, Tbb, Wil L L TBPTIEDRER, ¥
FRETE 21 HuygensD R CE T w216 F s i ifE, RAEFIE CRCGHE Av e, & ICEEH 20
m X RFEFBE0MDIEF v Fviz, BT CER S NG, Pi»T124074%, SiE»1092
RTHE, A=Y a  CHORAAT A X pE4RIORT, F16RIC SEPHE T 2 LB 24T 3B
BiIRSESY T T, DRAIEERRIOMTH S, ZDEEPAL L, ARPUHELHCIEE PO
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Fig. 14 Data acquired area of the Yutsubo tomography.
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Fig. 15 Flowchart of data processing of the Yutsubo tomography.
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B4k [WHUAOMREBACL b2 7 1 OHEEME] THGRA VA=Y a5 24
Table 4 Inversion parameter used for 'a processing technique for S~wave tomography’.

L 14X52

V41 20m X 20m

VA ML=y Huygens?) 5 (2 3 ¢
165 T AT P

WMEET NV BPT#E

RAEE % SEOFEEHRE T L IC1E o
VA ML= Y7270 2300

KARRTEE CG ¥

AFtEERACIIEE, OvThicseTh, SEFLCGMBAINTEH Y, SEERY v 7 THELHE
EHPERSNTV B2 L bbb,

wiZ, BITRCPE N EZ 7453 FSH I 2 BERBOME L b IRLI, ZOHE, ¢
HLOoDINESF LAV HEEMB L L)L C—HERL TR I L bols, 12, MEPRT2 L
& MEZ 7 2NTOEESHOMIANL, 2 IXEEHL00M AL 1500mlED & 52, PEMESS
LTEHEL L TRHEINTOBHA 20 THRSKINEZ 2B THEEERL LTRBEIAT
VAL, HLTVED, ZOEEa2PIAMCRECYDLE LVIFBRLLE-2, TDay )b
FAPMDECIE, BT Y ULOSHERLTCS EE L 60, S%RFEPIMA 22 EI2L b kMR
PIT39 AT, FlLIiFRPBETY ARSI REL T2 EELLNS,

FoT, WIS P2 F 43 L fSiKE b2 5 2D Checkerboard resolution 7R3, HMEE G
FOMELT, 22%%5 272, P, SikdCheckerboard resolution® g+ 5 £, W& & b800m
~1200mDIEE =TT, BIFTECEBRANT 22 Eb» 5, 1200mECHC TR, Pk
DFPET L CHBEERPBROLTC D, 2FRNCTRTOANY M EEBYDANRYPELT
REINTL3, 28, ZOHF - TYT20%ESEY L YT-10EE~m» 5 (HLd ) Oikig
PRELTCARDUEBSBIANNERETHA, SO LLY, RIMLEOERESFHRLRAT R
DIIRBEOEREETRIATFT, 36 CHKREK oAV 0liReBns s LB HE 2 L
bbb,

4. ¥ b v

AHETE, DB-YFHET 22N b7 7 4B TORLEOIRYHF L, Qb5 7
47 —=EH 6D SHEIMBOMIELIT- 12,

BB CI, XEOEECEAEDO PIREHRRE X ALBOFER, [ "—YariERiekan
WEPS L, ZOBEPNIBCLBIA Y AS—VarPT52L108Y, BEOSVEEREZEG
NaZEtabirols, $TLBATE, SEOHEFREPMALELZLERL, PROBEHRRLEDD
TTHHETAEICL OWERREITS 54T, FIBFREPBMTE 2WEERIZ>CTREL.. »
b¥T, Pk, SIED M7 LA DIKMREEDOECIC X 2 EHHEDE v OFHE % T 3 8= R L
T

PIEE b, PEZI 747 —2OBMEANCHRHT LI L LY, BEOECRBITEESH L LE
WMEYBAIEDAEREL LD LHERTE S, RITLZOBAT LTRSS IR H28ET S
VE¥D B,
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Microearthquake prospecting in the fractured-type geothermal reservoir

Toshiyuki Tosua, Mituhiko Sucinara and Yuji Nisu

Abstract: Kakkonda in Iwate Prefecture is a liquid-dominated geothermal field in which
permeability is fracture-controlled. Recently, three deep (3km) drill holes have revealed the high
-temperature geothermal fluids are associated with fractures in the margin of a plutonic body
which lies at about 2.5km depth.

We report here the results of a recent seismological study using a close-spaced (45X 40m)
array of 6 single-component seismometers, in conjunction with widely distributed 3-component
instruments. A newly-designed pre-amplifier is described which allowed rapid deployment of the
array. In addition, new interactive processing programs were used for better analysis of the data
using the semblance method.

The data recorded in the widely distributed seismometers shows the different characteristics
of microearthquakes within and outside the geothermal field; within the field microearthquakes
occur mainly in swarm due to the movement of the geothermal fluid and outside the field they
are mainly normal tectonic type events. The number of hypocentres decreases below 3km depth,
suggesting that the deeper seismic activity within the field is controlled by the distribution of
fractures in the pluton. P-wave arrivals at the array were followed by later cohelent arrivals
coming mainly from a south-southwest direction. These later arrivals are interpreted as resulting
from scatter and/or refraction associated with fractures. We postulate that the distribution of
swarm type microearthquakes and scatter source are related to that of fracture-controlled
geothermal reservoir.

z B

ETFERAETFHEATICH » BRAMSUH TR BKEBREOMBIrER VP REL TV 5, BE, 20D
MR 2 T 3 kmiTiET CESMHFEENER S N, IAROHIHHIEEII N, Z OHIHFAEDER,
RIS SR (#92.5km) C BFFATEBAGROFEEPHO LY, 122 OBEBORLE I IIER IR
RIFBREVRE S L,

AREE T, WM BB 2R LT s e EENORR L ItRadR L 0BG v T
RpEELIZ, 6B I HMAHMBIHICL AR T U —EEl (45X40m) DFRIZOVCTHERET 3,

* A
Keywords: microearthquake, Kakkonda geothermal field, Neogranite, instrument, close-spaced array
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7 v—BHITIE, FLCREF LI BARIER L LY 7o FORER Fiz L b, SRIKBAESED L v
FBTE IR AT LOBEFERLL., 2, NEROXBAE v 12 BEALT, #ii7n
FIARRSBUMRTSAREYPERL, vV ISV AMM L ERERBLL.

EiARAMS S TIER L 79 2 F v —RET AEBROP AL THDLEDORBCEYH Y,
I H PR R T AR OMBEN E RET AQUIA LT, HATREIE, AELCIBEEDT 2
b=y ZEET BV RET 5, 12, NEHOMIMERFHERSERCHES TR ), BED
WRT AEEREHEESROBRIPET LELONS, Tv—Blllx Pty 77 v AT, WEILL
Bizae—r Y 2OE GBS N, BRELEZCREIEREL L TH~FEAAMO 7 7 25 v -5
Fans, HRESIBOBRBEMER T v—BHIC L 5 EELFE I Br AR MSrEE LRCERYD 5
LELLNS,

I, BC W E
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Table |  An outline of microearthquake Table 2 A goal of developing a recorder
observation in Kakkonda. for a microearthquake study.
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Fig. | Block Diagram of the recorder(after Tosha ef al., 1987).

1987).
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Table 3 ~ Some improvements of the recorder for the array.
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Fig. 2 Circuit design of the pre-amplifier.
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Fig. 3 View of the pre-amplifier.
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Fig. 4 Map of a highly fractured zone at about sea level and intrusive rocks at the surface in the Kakkonda field (after Doi
et al., 1988). Squres represent locations of seismometers.
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Fig. 5 Epicentre distributions (a)less and (b)more than lkm below sea level for a one-year period recorded in 1988.
Squares in the figure show the locations of the seismometers. The frame in this figure is concordant with that in
Figure 4.
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Fig. 6 Map of the generilized top of the neo-granitic pluton (after Kato and Doi, 1993). Contours are in meter below sea
level.
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Fig. 7 Northwest-southeast cross section of hypocentres for a year. The dash lines indicate the top level of the neo-granite.
Squares in the figure show seismometers.
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Fig. 8 Cross section of hypocentres at the eastern region. Squares show seismometers in a temporal survey. The region

surrounded by dot lines indicates the high seismic activity area shown in Figure 7.
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Fig. 10 An example of wave forms in the array observation(a) and a result of the semblance analysis in north-south
direction vs. time(b). Coherent waves arrive at the array just after the first break and before S wave comes.
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Study of physical properties of rock containing cracks
and joints

Osamu NISHIZAWA, Yasuto KUwWAHARA, Tsukasa NAKANO and Kasumi Y asukawa

Abstract: Using experimental techniques and numerical modeling techniques, we investigated
physical properties of rocks containing cracks and joints. Here, we report recent results on the
following studies: (1) Observation of cracks and joints in rock by means of X-ray tomography,
(2) A measurement of a joint surface having slickenside, (3) Investigation of general method for
calculating elastic constants of the crack-containing rock, (4) A model experiment on frequency
dependence of the ratios of the attenuation paremeter, ',

In X-ray tomography, we used a high energy X-ray CAT system, which is employed
for nondestructive testing in a steel company to analyze voids in sintered iron ore mixture.
By comparing the data obtained by X-ray tomography and optical microscope observation,
we found that X-ray tomography is applicable to distinguish cracks or veins filled with
precipitation minerals from those of voids. We have also developed software for illustrat-
ing three-dimensional distribution of cracks and joints, which will enable us to analyze
transport properties of fracture networks.

For studying joint surface topography, we measured the joint surface of a cored sample
drilled at 1883m of a deep well. There is no difference of the spectral density and the wave
length power law characteristics between two directions: parallel and perpendicular to the
slip direction. However, the amplitude of the surface topography in the direction perpendic-
ular to the slip direction is 2—4 times larger than that parallel to the slip direction. This
topographic anisotropy will surely control the anisotropy of the tansport phenomena. We
also presented a model that can explain the almost constant power of the spectral density
and an empirical law between the amplitude and wave length for suface topography of
joints.

In order to study general methods for calculating elastic constants of crack-containing
rock, Eshelby’s tensor were calculated by means of the Monte Carlo numerical integration
method. It was found that this method can only be applicable to the case where crack shape
is very close to the sphere.

We measured attenuation of the crack containing material by employing model
material. We used grooved steel plates as a model of crack containing material and
analyzed transmitted elastic waves. Frequency dependence of the attenuation parameter
Q' was observed for P wave and two polarized S waves: the shear wave polarizing
parallel to and perpendicular to the extending direction of cracks. The difference of the
frequency dependence between the two polarized shear waves was more emphasized in the
ratios of the attenuation parameter for P and S waves, @'/ @s! : the difference is not clear
when the S waves propagate perpendicular to the thin crack plane, whereas it becomes
clear when thin cracks align with their crack plane parallel to the propagation direction or
when the crack shape is not thin.
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Keywords: cracks, joints, fracture, physical properties of rock
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2.1 X#CTiZ & 2 ZEROBE

2.1.1 X#CT#E

INETEAPOERPAET 2FHEE LT, BHC L 20 BEMERE, H5 - XETHEHMSEICL
ZEENITONRT SN, ZhoOFHERERNIZZ2KTTHY, EO I RTHHERBLPAS DI
PRI (stereology) F IV, EH»OBHE L CIREL L > TIRTNEREHET LEVH -
2. L l, BROEROSEVEE»OHETH S LT AR L L, EOWETRIESF»o3k
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Fig. I 2-D X-ray tomogram for the sample B. Each edge length is 40 mm and the unit pixel size is I X [ mm, so that each
tomogram contains 160 pixels. The interval of the 2-D tomogram is 0.5 mm, and the tomograms are arranged from
the top (upper left) to the bottom (lower right).
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Fig. 2 A photo of the thin section and the X-ray tomogram of the sample B. The thin section was obtained from the same
position as the X-ray tomogram. Rock mainly consists of quartz microcrystals. In the zone indicated by P, colored
crystals (pyrite?) were found. Q and R show the locations of cracks. Presumably, Q is filled with zeolite and R is
void. Zeolite is considered to be precipitated from geothermal water.
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Fig. 3 Bird-eye-views of sample B, showing distribution of cracks by binary-encoding the CT value of the original
tomogram that is composed of 60 sheets of the 2-D sections. The aspect ratio in the figures is changed from the
original sample. The upper figures,(a) , show the border of the CT value 1 =52 (corresponding to the density 2g/
cm?®). The lower figures, (b), show the maximum cluster of the connected cracks. The crack region was assumed as
A 51 (p=2g/cm?).

FOfEde=2E L, A<2FERERL LI, #3-bRBIMEMLC L > THNLENEOHS TERA
DYDERLTVAE, IO 6 2REME TR DL > T r SR L8N0E b 3RITMIZIZ
BHECOLR D> TOARTERAIEDTEE, $72, SINBOBRKS BMLENL DT TRLEL,
BELoRbD, ILNRVBROVDOLENHB I L b5,

2.1.4 X-BCTIZL 2ENBERKFICO>VWTNE LY

PDED L CX-BCTHRIZ L > THNH 2 3K BET 2 LHTEL, ZOFERIEHRET
T259%, HEBALZOTED L S LRMAENEROEINE T EECZ20BRS M ZMA Z LD
TE5, 203 CEHNEADIKRTHIERCZDCTOERYFEEFT 4 I XVEL L TRAETZZ LIZE
b, RSN HOBFHPIRET A2 LTS5, SNBSS A X 2HEHCEL, et s2
iz h, —ELIzEINBEFTVERBET ALY TES, 25LzEFVEICE-T, EinhEYD
(BAY NI —Z B A O TOBREF IR a, ot A, EIhEA Y r7—2%
VB IREOREMEN, H5CEENEOER» VREROHEL VTS, S L ILREYVRET 2
BOEINEA Ay VY — 2R TOENGHRPEE L - TRKDB LD TE3, IhiTHNEDET
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AR, FATPERCEE ACBEOL S MR =T v EPRCE 2 LT E T, 2 LiceTFT AT,
EROEHELEINEA Y NV — 2 OB A TS TH 2, BNHD 3IRTHBEDITIBIZL>TL Y
HECECEHNERFvEBET I LICs ), HBITEEBOEEMAIELTHAI.
AFOX-HFCT o & 2 R ALHMSETCHCEGR LR T 2 L, BREO LTI L. &Y
BOMREXHE S 12, LO9BCZ AT —THEOCECX-BREERT2LEYH S, 272, NMRUX
HERALIBEE) L EROMBEIYEHRBHN TS sFELEVABRALTAILEH AT,

2.2 VafrheAMBCEY5%ER

2.2, TaArrBLUNNBHRNERE

BOAFLES IS OKRESDENEVHFET 5D, s~ 2 a7RBTRER 2B 1EE
DENBERELILYDHE, CDLIRTVafribsvidhiEeET vbT 2RIk~ { 27023
o7 LRBOBBCYREINE, = rzarT5y 2 3ERE L TEF VLS, BEROEX ) IZNT 2
BE OS5 L THKZHRS TS, BERECHBROBHLZELSL, ©wolZ3 Y a4 v bRl
BRERY I VAL MNMERo EVECCERLIZIDL LTEFT LT A, LI THERS
VELREOBEMIZL - TEC K, BEOBRISERN L DL 5 (Brown and Scholz, 1985a;
Yoshioka and Scholz, 1989). ¥ a4 ¥ MR ODEF vLIZH Iz - Tk, 4o DREFRKDEH
PIBT AL 0MD R UNEL O 2w, EEOMMP EHECRAETALDIE, HLIFEHAVS,
BROYafy PEREOMMPRIE LICERIFELIRDL 53 DT (Brown and Scholz, 1985b) =
R MOBERMMOBERIIMLTREIROMEGRICHE, Yad vy PEADMME/RE T 695 2 &
PERONEE, FEBEOYa AV FOBEBIRIDONRTIAZP L LI X AN OE P EM 3
2 —oaryTiED, IHOPHEAEIZEMIY 22 ETHEGLNS (Brown, 1987 ; Yoshioka, 1994), L
L, EEOI a4 b eFMMETALRD IR IO TR TSTHY, MADO»ADH CIREE

(micron®)

2Ry MIVIBRE

-3 B -3 -1 =
10 10 10 10 10 10

M1 D

(micron™")

BAR RAODT a4 v b PHBEOMMO AR b VEEOMA#KETR (Brown and Scholz, 1985b% b)),
Fig. 4 Spectral density of natural joint surfaces and fault surfaces shown in the double logarithmic scale.
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KHOMMEZDODAEN

TEEOBAR

5 mm

BH5 Yafr b0 [Pad] —HOT a4 P REOMEMIZ L 5 —HOREOME A VAL, 2058 [Paduel £
- TIRE ORI 25 2 LTS 4LV (Brown ef 0, 1986DKE b)), b L, ZOLILZEEI LD [EdHe] v, K
HOWNT 2oL ERERITE, BARORRY S, BEUORIERES RS E-TLEI I L e RECBISL
RILREILLL,

Fig. 5 A cross section of mated joint. The convex part and the concave parrt of each joint surface are mated with each other.
Because of mated joint surfaces, the aperture of the open part of joint contact is limited. If the joint surfaces were
randomly contacted and did not mate, there would be no limit for the aperture of open part of joint contact because
the spectral density becomes large in the lower spatial frequency (larger wave length) of the surface topography.

1 mm

(mated) #ZEB LUl v, BES5REPABACOBFERRLIEVOT, BHRETEALSOWHE
B aliEmEP LTwaY, REEATIRCSIF3DT>EY P MO EAIZEV Y RAA, A
B Twv 5 (Brown ef al., 1986). ZD7z®, SHICODED OB IEFIKE CIRAHA & EH)
PRTH, RERAITR»ADCORDKRECZREIDEI LT3, 22 Y, MWD AACILE
TEOEEP O A, BOMRFIAREFC L S KBz KREY, M4 POBREOARS b
NWEEER LS OT, BEREATE S VXL EHREL 2o Tv 227, BREMTR»ASCDI
BHARZ MNWEREEN/NE L g5 T3 (Brown et al.,1986), DL 352, Yaf v bkt sEEiR
B LMY R REPHEMLICLSOBRBE LTEINE Y, REEFBTO»ARCORRL %
BLANMLZUAE RO, 3612, [BEOEBRBIEINMBOALEDEIOBEXZ T 5, BEITR
YEPRET L, WEBOREHERIIFHIZL2ECHENE, 2Ot y, EO»AD-ORELH
BiZL->TEDbS Y, BKOHHPEREORAFYEUELOBIEEE L ¥ ORABR YT 5
T AR RGEDHENS,

2.2.2 FERK—1) TN aA L PEDEE

FERD Y 5 4 ¥ MHEPCHIBEOKHEIE - 2« TidBrown and Scholz (1986), Okubo and Aki(1987)
PPower ef al. (1987) HFOHMELALNE, L RBROEEIZENL Y a4 Y MO0 TORE
ThHY, ZNODOHEEVZOE EHWTTOI a4 v MVERELRT 2 LTENTH 22 E 50T
H B, 21:Brown et al. (1986) X4000MIKDKR—Y a7 hDIRHB S a4 > b OFLRZBRIE L 12,
L»L, F=Y o 2Za7dhiiiB—KERNMOYaf v b TP R CARBO a4 v b2
BHPFET A, AV vy U AP LN TR s FRFORARE Y a4 > Mi2id, oL
ZOBRKCERFEPGFET S, SOOI REFHRTREORNOFIEIIHEY RIFT 2 LTRSS
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6 Cad v I ERDARS b LBEORRZ b (Brown et al,, 1986) ZORTIX, HBOR» ZREID AR bt
FERHOARZ b sy 174 r—FAENCT3RTOV 5, BEDARZ bvik [ab0] DY, 3 X107 mmMETHE S
Hhild,

Fig. 6 Spectral density of joint surface and opening joint aperture (composite topography) (after Brown et al., 1986) . The
spectral density of the composite topography is shifted to the right by a decade. Spectral density of the composite
topography becomes flat around 3X 10-!mm-~! because joint surfaces mate with each other.

o, Lichio TRGEER Y Jav—2a ORORKET—X L L TREFERPESOCANE a4 Vb
OEKOERILYVVERTRTH D, ZITREAWMDOY a4 > MREOEKEZRIE L.
TR, EFRARKDOL2E]L B34mOBFDES1,883mDGEMNBZEEDE» LF 6 iz
AT7IEINBCAMBOYaf VM THE, BRBERT TV afriitdoTAIIDDTRY 2
aranTtxy, Yafry MEXPARTEET 220 TE2, 2OVafyPzidBR T ~NoE
AR ELERT AV v X AR RGNS, BETHCHES NI CAN Y a4 v PORKE, &

(N N
X (mm)

BTR BROR-) r7a7R BOY a4 v P EBOMN,  F0 FilmiY-#iz#£47.
Fig. 7 Topography of the joint surface drilled from a deep bore hole at Matsushiro. The slip direction is parallel to the Y
-axis.
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E _ 4 toslip direction

S 10';
2 :

= L E
R 5
E g1l ‘
X 10 3 §
7 g Parallel ]
g 3; to slip direction 3
&107% ;

i P e R R A
- -1 0o 1 2
102 107 10° 10" 10
Wave Length (mm)
FEE JaAr P REOMMOARY PBE—~KEOMGE T HRCET AR EBELHNLET, ARS A RE K
BEOHRIIEDG L,
Fig. 8  Change of the spectral amplitude against wave length of the surface topography. The inclinations are equal between

the direction perpendicular to the slip direction and that parallel to the slip direction, indicating that the fractal
dimension is unchanged.

BT~ Jimh (Y#Gm) R aKim L ELT 5 HRO 2 FREZow TORKD 7 — 222 |
NEEERT. WEAEBKO 7 — 22 bvPiREL OBA, WEAL

P(a)oca” (2)

LaBRERT. JOLy, BWEEOBRR IS Z2ANTHE LS, 2112 20BROT7 52 2 KT

D, D= (5—n)/2THAGNE, AHAOHKARY M VIEBIIIRD 2 5TH 3.

1. ¥_b T hm, BEFRE LI, A2 b VRIERONSFIZHIL, < SEROMIZH2.5T
b5,

2, IO CEELFMOEE (°7—) BFETLHEOD2~44EThHhs, T4bb, SENESNL
RY v v A FiRT b 0BT R, BEFATHRORFESEEL, H30IRE (97 —) »F
2~ 4fERL 5D, WHLLHEIOum~1emT 73 22 vOWHER b b, 7527 X VKt
1.25TH 5,

2.2.3 TaAr tEMRO—MEEUFHEBERETRM A H X L

BROY a4y P OBBLRERD L S BN ELCANES D2, NI THASOCRIZELALD
TaAd v OWKRIET 5 2 A EE R 2 L 2516 LT v 3 (Brown and Scholz(1986), Brown
et al. (1986), Kuwahara ef a/. (1993), Okubo and Aki (1987), Power et al. (1987). & 512,
a4 MBRIOVT (2) RONSFIEERIZ2~30OMEE LY, BLAYDEA25 (75 220K
T, 1.25) TH5, DI LRBHE, TAMBEMOTIROITS, $1, CAKROBFT LT
FRCZELTERIT-T0E6L0, 23Y, Ya4 Y MEDY S 27X VKT 2 b HERS iz b
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EDAH=ZALZEGTHL2ELE CIER TR LV ENTES, 22TH, B¥dafsb
HD 7527 ZBWRTEYVBHEDA H=A212s 6F1.25L CHEERTOPEEET 5,

IS (1989) WY af v MEOEKE LT, BEFI X ACHMTAEENTEIR LA
HOBFAED 2 KLBHEVEET BRI N BROFELBEENFIETCTTo ., AR
D TIBEBIE N FT—&CModell LIEIEN 2 HHYAKOBFELEHE LI, #86 OREFEC L,
BRKARZ b vOERnIZEREA L RERATEL Y, RAVDOEA, HERTH2.7, RIERT2.0,
FAMBOSES, WiKETS.3, BKKET2.1t k- T\ 3, Kuwahara ef al. (1993) i inix» (1989)
DEFNVDHEMALEF T AN BARDOModell £ ModellDERD I #1712, 2 DFER, BkAR
ZIVOBEREELLDE-NL 2~3Df% b %, A2 [ VIRIE X ModelllD 354 b Mode Il it
N BERS B LA o, LFicKuwahara ef al. (1993) OEF v DIERNLE L FH ik
N, 3Y, X-YHEERTBHNOBERZPFEIHOL S HRLL TEL1 3, BHDO2KTHHEHZY
(X, (=1, 2, =) L, IOV EHFORFAMTRSNS ET AL,

Y(Xi):Y()(i— 1)+7'i (3)

IITrRBEBETHE, ThbbloEF MG, BROERFTAIRREOBEUDOERC REFETELLC
FURLRGBAETHA, TOLESERZIYARZ IVvOMEFNI2 L3, TV EHBDBA AR
KEEKD AR b VO TR 5 2 b3, Kuwahara ef al. (1993) 1, REOBHEMDOBIIED
BUAOEBHTMHMBERSE LA LEEELT, OPRFHIALILDOTS 2 EFTVEREL
2. MoDEFTVE—MALL TREET A

Y(X)=Y (Xi) +F(60) +r, (4)

EEYE, JITORBHOEMTORBHOEETHY, FRACH»OEETHS., i 2E = v
7@fF et 5. Kuwahara ef al. (1993) TRIBHKARZ 27 b v OEFHIEEFCKREL, 2122
Z MR OEEFEECKRETAILERLTVSE, CHCL Y I7I 22X VKRIEYXET 5,99 4
REBROBIEPEET 255 A X EPMHILICRES B2 LTk 3, 20L 5, BEROBRKE,
BEN T VAL CHNT AEEATHREASCETCRBRERYZ 12 2 LTHHTEL 2 L Sy
S, TOWER, BEOE—FIZIOoTFEIRIIDIENTFHREING, ARRINLDITEEL L L
i, YaA Y MEOPARCI L AEROBREERE L, BREEF VL, HiEEEATTELORR

BIR 259 270#ERERTEF NV KFRIDEF AL > TT s 2HITE L RT.
Fig. 9 Illustration of a model for crack extension. The thick line shows a topography of the fractured surface.
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BRI B BIEE R 6 00T B REHD 5,

3. 299 72%¥alreRUCEROMIE

3.1 27y eBUEROMIEIRERE

3.1 IS59IDETLEEMENERME

25y 7 IMREREE L LTEFMET B2 EXTE 3, FFMLD Lo L b —IBKFER 25 v 2
YEOROD L 5 RREELREEEAERL L TERT 2 FETHS, 2L siEihE RO (722 b
=c/a) TEREET. c0lE», 25y 22 ECHRTEMLIZY, 27 vy 27108 AR ANF
=BTy ZREEECERT A EYG, BEBENR I3 27y 2 ANF—LERT BT
It EXH 5 (Budiansky, 1965 ; Budiansky and O’'Conell, 1976)., 75 v 2 % &L B AT ¥ &R T 2 01
HHEEELFET DI, 27y 73 E0AAOMEERER L L, L2 ADT, EBICIIM
HROWEEL 25 v 27DOKRSBLOMRBIILI->T, 25 v 2 LMK L OMOHEEHOKT»RL 2
oo, MEDKS S TEL > HEBVERC-PTEELERS, L 2Ty 244 X2THEKROKE
CHRTHBBCREUNEL, 27y 7L ER0RRABAERE L LTIROYIZRS 2 L23T s, HRER>
OMMEROFERIZFL LY TESL, 0olfd, 25 v 7P EEIHTEREBITNS 0L 51218,
2oy 7RBUARERDEOOWMELE L, TOMEOMEERE R0 AMEL L 5, WHEDOPHTI,
259 2iid o TEELSNAMEROFENI ML DL b, BERELEFRC»NEEE 25, BEL
W B ERPRD2HAL, 27 v 794 APVHERCESTF NI CEAOAMBELRATERET 2
SENTER, JIT, 2729294 XAV ERCIEST2PECHEAPMOIFES ST LETE, DL
SLREE, 27 v 7R AEUCEAOMEMMER, 25 v 27kEi k0L 3OEROMIEER, Bk oo
ARTHETARZ ML LBAEED I Y 275 v 270 EINEE (5 vy 278E) Lo THEETE S
LIS B,

B0 EiEHENACL 827y 7ORF ML 25y 2 BRERTREEL /ST RXR, 27592707 A% M c/aThs,
Fig. 10 A crack model as an oblate spheroid. An important parameter is the aspect ratio of crack, ¢/a.

2o v R BUAEADHEC LTI, 275y 27 RIREMPZ LTV 2BAYEETCHS, Z0DL S
AOEMENRAFEERL, MERREIFRC L > TRE 5, Mk G-k #ERGomS L -
TR LD, IRETHFENETF LS HEEDE Y (SSEATY v T4 02) BELC R, 27y 27®F
NMIZEoT, TOL) LHENEFE2ZERBNCHET2ZEPTS2, ThiTrs v zeFricH
SCEROMEERDFHERER, KAV TEIR20FHEZEI-»TITbRT ST,

1, AL L3 HEE 25 v 270 2EGELIERD, St ASHKL PER L DOVEBOEE L AL
L, ZOWKEHHnT 2 EMEERZRD 5 4 DThH 5 (Garbin and Knopoff 1975, Hudson
1981).

2. HIUHMERPEPRDBHE, =) v 2R AV IN0—Ua LR 3 WERDRS LER PEE
L, BN LHMEMMEEPRD 2, T OFEI2Eshelby (1957 12 & » TRAINILEHEHECL > TV 3,
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wWELRD 7 5 v 7 »8IREE L 2RO MERNEFHEOMER FEOTHREOE b 6 2o T b H
HETH 5, Hudson (1981) X1, DHET, Anderson ef al. (1974) 112, DFETZ 7 v 2 DER
BLENC & 5 BRORFEERELL. L2L, AHELL 275y 20BPDLCHALPERATS L4,
712t 2, Andersonet al. (1974) DHE# 25 v 7HEENRSCEASEHTIL, 275y 2BIx
TAMEEEEDRLYRES LTS, ERLEPUENIEYETLE S, OMEBERERT 31
®, Nishizawa (1982) i¥Yamamoto ef al. (1981) 124 » THREINLEENTEY, 75 v 2 D%
REEBH- L ABRFHOHEC@EALL, ZOFEREORKTRLLBELEEENETZ vy 2225
wAbT 5 b DT, Eshelby (1957) @ FiE#-T (. Eshelby (1957) 22 Z v 2 QR HOWE »7% 51
THAHALPERERL T, BEEOBACLRUE L FPEMECE 5. K- #F (1976) &
EHEOHE L ED L/ LFEERERLL, BHERAT 28R P25 v 20 HELIEAR,
RHMEOFEVE { ARFEEHME (transversely isotropic) EFHIEN 2  DIzD T, #F -+ FHF (1976) %
Mura and Cheng (1977) = & - THENTROMRIC & 251 EED 5 2 6 T %, Nishizawa (1982) X
e &R (1976) OFIRIKIGEC, 275 v 2 R A UBEAIKRPEEFEO MR FEFRHOBADE Y
Tolz. ZOFHE T Anderson et al. (1974) PEE LD LR ECEFVEN LT Z 2 v 2 OFIREH
CE3RTHORSSEFTASN, 20BIL5E, 27y 27 BIREALIBAD 2 5 v 7 BED M
HEMRFEOK S 3 ICRIZTEE I Anderson ef al. (1974) B2 D L b2/ s o,

Hudson (1981) &2 7 v 7 v &INEmE L1354, MEEHGHELRXTHETs 22 LERLE,
COFEEHESHEL I L» 6, Crampind 7 Vv—7 12k 3 TORFHCHET 2 —HOWE Iz #1
BRENTEE D EAE T L It - 72 (Crampin, 1978, 1984, 1987 ; Crampin ef al., 1986). Douma (1988)
272 v 27 ORIREMIC L 2B FEFFHDEHICO W T, Nishizawa (1982) & Hudson (1981) £ D%
ErORONZMIEREEOMELLR LY, PROBRCIZ L2259y 2BEDIICLE SIZRALD
DFFEE & (—FT 5. 412, Hudson (1981) DKW 2 5 v 2 ORI E LB A A L TIERT
50, MEEHIPS s E@EBATS 2w, Douma (1988) ik Hudson (1981) © D@ HRR 2o
wT b RAER CERET R & 72,

UED L 51z, 275 v 7 OBIREmC & ) B ADT5 CHMBEMETE 2RS4 D0 TIREEL OIS
BranTtes, Lrl, &) —RLBENRELFEOBECO v TRFAEHESHLL Ty e, 2
2T, &Y ECABEOMENRFEEFOBAD 2 5 v 7 EF ML BEHEERIOC TOMRER
PR p,

3.1.2 25 v EaEUHAOEEERO—RNE R

FTTUERRIEIE, TITOFELHE 2Ty 7 B UEREF R CHORELRERL AL, 20D
WHEHRERDLLDOTHE, TOFETREINRCRLILLE, 25 v 2 REENEBROA ~
znv—¥ a v (inclusion, H¥ 3 123 B L BHNOMEERLHOWE) Lalkl, fv2n
—VarEEI L CHELEABOME (RN v R) PEBLLBACESRIALE—PFEDL 512

matrix inclusion
matrix
BIR 77vrkAvrnv—Yay (BRYW-NEW LALTEF N, 25923 LCERRMER= MY v 2 2aWE
EEX D,
Fig. 11 Illustration of a crack model. Here, the crack is considered as an inclusion in a crack-free rock (matrix material),
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BT A RO T A, A o2r—Ya R UHECRLT= ) v 2 AWEOERR LR UG
hERE» LIS, BEIANVEF OB FHET 2N, COZANMF -0 S LIcHtEa >
PIAT VAT Y INDFHETS S, 315, Avon—Yarve&UWEN =) v 7 RWENZIR
ERICEMOER LR LY, TOMBEI AN -2FETERE, EVOLMEERPHET S
EDTES, INLARDDEHAR, BEN—ERGSIVER—ERGELEL-THY, =)y 2R
WHEOEMMZELCRA, UTAYELLS, METANF—DRESBFSYRL 2150 Tt
132 L« (Eshelby, 1957 ; 1714, 1972). Eshelby (1957) 4T3 (1972) O#ERTEEL I L, W
HEEOMET I NV EF—FZA V2P a VEHEGOMEZANT —BILOATRT I EDTEB L
WIHIILTHE, TUbLLAE ¥ A on—T a2 OMEETANE-FLET 2L, AV 21— a
P EUTHEREEOMMEL A X —BLA Eota 3,

AEiota = FAE, (5)

L d, FRETESLY S CHROBRTO [REH—E] [EE—E] OFFHEBLTV2
LIH > T2 OMBEPBDIZE, BECIVEF—DBIFELACPDOHETZ 7 v 2 DK
B ERIMET A 2 LT s UL & . Eshelby (1957) idstress free strain& ZfF 72 b DB AT 2
LS T, CTOMEPHERCERL TS 52 L ¥R, stress free strainld#f - & (1976) Tl
eigent0 A LV IRFLTHRON TV S, I 2T, Nishizawa (1982) L [EHEiZ, 2 hi¥eigenlt T4
LR TR T 5, eigenl ¥ & F 72 idstress free strain & IZEMIRIZ & 2 0 T4 D & 5 CHUMERSE
PAobocEbaUbTATHS, 2L 2, BBRBROBRLE=- N v 2 REA V2 Vv—Vark
HSUWENEEORER UL S, WEAIICHEBROECCERL ZISHPRET ADUTH 55,
IOt 5 Deigen TARER-aMD L I, frov—Yare=bY v 2AnLEOEL, oho»
PoTOLRGKRETOUTALL S, MEFBEEEEPEANLERER U LHBARELR-DRID L 5 2,
eigen T AR EHROEE» O MEEEXR G TH 5, HEEAFEOL S D o RHTH» 2 3
LT A 7 AR D b DT A v 2 v —Y g YA Deigen 0 TFAR—BTH A EARLTSL
oM, eigen AV 2=V a VAT THNE, DELE uhERUcE s0£&C

w " total deformation

—#EBEEI

eigen strain elastic strain

stress free MIREE

12" eigenth T4 (stress free strain) D& a. RT3, ABEHIREEZDs I 2v—Tav =) vranrs
BEB/DG, A 2r—LarDseRY L, ISARKORKREBCT A, ZoL s, BERCLHER L 5 0T ADE{Lableigen
UFaLLs, b, BENEREZULWE L seigenl T4 LG T 42 RT, 200 a0 6, MO T aG5EEL
Blb7:5& b dieigen 3 AL 5,

Fig. 12 Tllustration of eigen strain (stress free strain). (a) illustrates a stress free state of the inclusion. The inclusion are
taken from the matrix and its shape is changed under stress free state if the inclusion is under a state of thermal
expansion or phase transition. The strain associated with this deformation is considered as an eigen strain. (b}
illustrates an eigen strain under plastic deformation. The total strain is composed of an eigen strain and an elastic
strain.
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25y 2 - Yaly M eFUEROYHECOC TORIE (TR &)

B A or2n—YalPHUROMBETANVE — 25T 5 120 ZEshelby (1957) ¥ E 2 127477 Avon—2ar
Ee M)y 2 2AMETESRL, 17— a OEBILEY LeigenD T HEZ LB L, 12—V a v AHOOT A
Eshelby®D 7 > ¥ wv LeigenO A THRAIERT 2 LT E 5.

Fig. 13 Eshlby’s idea (Eshelby, 1957). In order to calculate the elastic energy of the system composed of matrix and
inclusion, Eshelby (1957) substituted an inclusion by the matrix material having eigen strain. The conclusion is very
simple that strain inside the inclusion is described by a linear product of the Eshelby’s tensor and the eigen strain

vector.

BOTAHABALA Y2 Vv—Ta YAET—HRTH 5, Eshelby (1957) 34 72—V 3 V2 50RO ER
BREBRIOL S v2z2r—Yarvk= ) v 27 2WETRESHRL, 2OBFCHEKE S Deigenl T
ARELHBZLIZL>TMYR/LZB I LERLL., PROBROBELERIZ, ~ MY v 2 2WHEIE
FMbolA VI N—YaABOUTAY, KOL 5 MBELRNTHEREL LI LTHA,

;= Symeh (6)

ZIT, egdA v on—Ya v NEBOUTAT, SyuidEshelbyF7 vy v EMEENE b DT H 5B, 1217
L, BdFR12632TEL, 2HEUERTERLLDIZOVTIEL, 2, 3EDVTHOMELEL LD

Lt 3,
SR WIS S| von—g V@?ﬁ‘l‘i%ﬁ?d’ﬁm, C,ijkL&";Z). A YIoNv— 3 .‘/iﬁﬁﬁ:t&“ ¢
xDeh, OFakehFhel, e TRT LERRI

o= imeh 7)

ERa, A o= arhEETLEERA, OTAPZNEFNeY, SR TALELIZOA V2
w—a ryOWET

ot oh=c"mleh+es) (8)

t 72 %, Eshelby (1957) =%y 2 HEL R ideigenFA LA v 20—V g DD IZEL DT A
eSORDBRT H 5,

e5=Siimeh 9)

DEVA I N=T a VDFEDIZDIHIIRE L 120 T A efidEshelbyD 7 ¥ Y v Syudtb il
KDBIEDTEA, INGPPALTLTDLIZ2DRHE G L5 (Eshelby, 1957 ; 1TM1972 ; Hhis-
HE, 1991).

ohtoG=chn (ehtef—el) (10)
¢ imlebtes) = chulehtes—el) (11)

INCOBBREFIHAL TehRHEEL Tkt TRT I LY TE S,
Col¥d, A o= a v EEUWEOMETI N F—DFILAE, Ideigen 0 T A, THRT I LT
T
AFE,=—(1/2)Qa%el; (12)
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ERa, ZITQRAY I Z2Vv—=Y a3 vOBBTH LB el TRT LD TE2DT, #RA<IYv2r 2
DM EB G 4 20— 3 YOMEERC ju EshelbyD F > Y S il kTl vy on—yar
PEUHMBEOMEI AN —PFHETELI LR, IOMEIIMF -2 ) v 2 RITUDLE S
O A vF—CMATPRE, SOt S LRSI ANT—2 57 s MEER, TLbOBIERINL
BERERD B EVTE2, 120U, 2DLaf 2= ar2BU0RBTRAPEDL G E
ZEzdh, OTAVELLRLCEEZ 2 THET ANV —FEILOFEVRL L, WHAREOERGTH
BRBv2A I —Yar2EUHOBREILRLE TS L

%sguoﬁdﬁ=*%S%uc%6%+"%WG%e% (13)
A, DI Tshuw sSLullENENA 2= a VRS UMEOEMNLME 2 P4 T R L=
MYy 2 ADME2 Y S AT THsE, DTFAPPEDEADBENIZ

‘%C?‘meﬁzei"\j :%C?jkzeﬁze?j"é_vf (e4) (14)

Elen, 22Tf(ed) BAE,#e50MKLELTELELDTH S,

R (13) ¢ (14) L TAILAERRYRHEZELCDT, Thkblitdrrnv—Yar®aA
KHEOENIMETEERD 2 EVTE 2, 72 v2DBRRAvor—Y 3 DEFE[BEBL I
BB E LTHROBRAELL, Avor—YarORilt®urte t 15,

ERI RO FFERHESIEA, EELBIIEshelbyD 7 Y v S, ThH s, ORI MY v 2 257%
HEE OB VT EHET 5 3 (Eshelby, 1957) 25, = MY v 2 R 7B R OB 1T L K(E
FZRTET 2 L e (B /%, 1976). 2 S TLUFicEshelby7 v v v —ixfi ik RFHEO= MY » 2
ZIx L TEET 2 HEOBEHR PR T.

3.1.3 EshelbyT > VL O—E B ST E %

PHER - HE (1991) AT-#&% (1976) Lk B2EFHDO< MY v 2 RixtT 5 Eshelby 7 ¥ Y v OEEE
PRV, 77y 22 B0EFEMEOMEERPFE L., IITREERE - &% (1991) OFEOES
DAHAEILT.

Eshelby 7 & Y WL FORTE L 6 5,

Sikmn: (1/81) (Cgmncmﬂr Cglmnc—;kjil) (15)
& :’C‘v Gijkl&;
Gun=(a,a) [ E&EE N8 D™ (§)dS(®) 16

2L, @y G GRAYIZN—Ya VOEMORES, ERBANZ P ATHKEDFRZRL, RN
PVDERZTORESTHS, %12, €l

¢=(at&i+a3&3+a3 )" 17
THZ603, 386IIN;(E) BLUED(E) IRKDERBS LT 575,
Kom= C°pamn&nbq (18)
DK KT 3 KEF LATHROEOBEKTH 5. 175 O REF Kpnld,
(= 1) [Ky; & 9 pATm#) 2 Br - 12ATRIR O fiE] (19)

ThHa, [JASIZHAEKE LTOmESZRT.
AT (1976) T, L 2 OEFHRENFERFEOHAIC2CT, R (16) DEIFTEEED EH
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STHR3N T 5, Nishizawa (1982) i3 2 OBMEREZFAL T, 77 v 7 ¥ HEHEH 2 TR L IHEC
NH&ER UG LRI L2 b Lz, —EHMIZZ T v 23ES LIEBADAEADMEERY KD
f2. Lal, —ROBRAFEDOHEZENNEBOEHMFTRRRETCE L0 T, EEKEFHE 2T L
e, R (16) BEMREOEITH 20T, BERIVAIRTHE. bo bt bl FEREYT
ANAETH 5,

X (16) TEA Y 2v—arDFERPETa, @ a?EI RT3, EPEDOBIZHLE3DN
WA 2= a v DFA ADHFMHFL, BROBEBOLAN KL, L2 - T, Eshelby®HT
&, Avoznv—CarORDRERLEEC, ZHud, bELEBNENOVDCDRED LB NI
BHROTYURDOIETHA, BE, BRCHEOLNAIMBROKRER, 275 vy 27hb~+2Eks 0T,
CORERFERT A L CHBERRC, LA EEEMNEO 4 22— a v OBA R NEEE N
DR L B E D (7 ARZ M) DAPBUET 5.

3.1.4 EHEH

Eshelby 7 > ¥ wS;;iz3k (16) #EfEfa LT, R (15) » 6B ons, FEREYFHhveiEicd
- TiT- 1. Eheselby7 & Y v ORI HMEZTEN D 572D, HHBOBFON TV 2EH D= MY v
2 AK L TEHERTo 2, FHEHOLD OFLEDMELILI0%E L, 0B OFEZIEL, 25 v 7 (%
) oBREEENEL L, BRERT 722 MEX1 @GR »560.01 (REZREEEEME) $TE
Lz, WORDFEIZ L - THONIEROTFH LT L OIIR, & L FEEEZICL - TEEEEL
fli L7z, 8 1% iZEshelby7 > Y W DFFEERZIRT, 7AWV PR ELILECERDO2Z S v 212

E1E SHED= MY v 7 R} 5 Eshelby 7 > ¥ A DFFEE £ RITHE L O ik

Table 1 Comparison of the Eshelby’s tensor obtained by Monte Carlo numerical integration and analytical calculations

Siin BUERE B EOBEMREX (%) S BUERE R EoOEMEFEZE (%)
numerical analytical difference (SD %) numerical analytical difference (SD %)

a. 7 A7 b (aspect ratio) 1.0 a. 7 AN b (aspect ratio) 0.05

1111 0.511208  0.511111 0.076 1111 0.066566  0.066553 0.118

1122 0.022200  0.022222 0.733 1122 0.005784  0.005780 0.612

1133 0.022217  0.022222 0.863 1133 -0.010808 -0.010817 0.630

3311  0.022237  0.022222 0.682 3311 0.284713  0.285607 0.930

3333 0.511249  0.511111 0.106 3333 0.969720  0.972422 0.980

2323 0.244492  0.244444 0.069 2323  0.457987  0.458425 0.842

1212 0.244342  0.244444 0.087 1212 0.030400  0.030386 0.073

a. 7 AN b M (aspect ratio) 0.10 a. 7 ANRZ b (aspect ratio) 0.01

1111 0.123596  0.123600 0.142 1111  0.014176  0.014169 0.236

1122 0.010258  0.010268 0.691 1122 0.001279  0.001276 1.020

1133 -0.017909 -0.017871 0.785 1133 -0.002516 -0.002520 0.906

3311 0.245430  0.245864 0.646 3311 0.325213  0.323058 3.368

3333 0.941778  0.942945 0.515 3333 1.001158  0.994700 6.236

2323 0.423736  0.424310 0.533 2323 0.498961  0.491017 3.644

1212 0.056686  0.056666 0.071 1212 0.006445  0.006446 0.118

AT AR O 12 Eshelby (1957) 4 724%, #-#&1976) 2 GFFE T 5 2 L»7C % 5, Monte Carlofhiz & 2 BEFE 2 T, 3R LB L
BOREMEKIE, 1HOFHESS0METHS, ZOMBELIOETE, BHLL O, BEML L TRIOTO 5,

The analytical solutions are given by Eshelby(1957) or Mura and Mori(1976). In Monte Carlo numerical integration, the
random number on the surface of the unit sphere were generated 10° times. Calculations were made 10 times and average
values are shown in the table.
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xt L Tid, Eshelby 7 > ¥ v DA £ BEMOFERIZZIZEL e, L L, TANV P ERDONE 25
Y ZID0 TR, HEOEROZECHRESHERERH L, BEOI 6, EVFAHANRE
ok ABEREILERVERE LRV LrERT ISR I b,

TARZ PHAIPNICEACHERENEL R2ERI, 27y 20RHETOOTAMKREL, 20
MATOOTAPRBEILHETS LI LD EERDNS, LEY ST, 27y 2%RBTO0T A
DEECHLT, +FLBETRETE TS 2TFELHMAET LI LYLETDH S,

3.2 ZERIC L B MEIEEELO €7 VER

3.2.1 EFILEBROES

FES, BLEEM, 7 —x0msffmbl, MEROBREYE L(EHFT ALY TEL LIk
fe. SOy, I TEREOMEEG R RKEEREL ¥ TMERGHRE D & 2 TR L L T oo Bik
BEOWRI, BEZOLOPREXY bBITHRELT AL I ko12, Lich o THAIF-X2IEL S
RIS 512012, BB LSEEREC DO TOHLCHEYLEL o T 5,

MR EEED P2 (b 5 L s RPTHELZ VRO AN - Rbi b, RENDMEENT 50 ¥
—D—EIZEEO IO E LThbN 5T, ZORPIEYEHEEOWMMEORL 2SI A VAL L 2
DG EF—PETHMUCHKILI b, ZEATRE» VL AvTF-2Rbnlzd iR
20055, BEOHA, HELSNLKO—EHPFURERCIET a0, BiEY L OEUSSOHK
PR - BBV ZESTERMNINE I itk b,

MR OBELI D W T ORI ) R, BEROKE LRELOFER L 2 5 REHIGO ke s L
DRBRUEFEL TR FEFHCONE, d L, BELDER & L 2 FAEEH SRR A4
Aauiud, BEEELAANETIPEDTOLEODEELE L 21350750, Wolf5, TEZERS
DEROK S IVFERILSTFIIRE LR, BLRoWECEPAHTI DO ELALRLT, R
ETHCOhZFHRCL 20D L0, ORGP RELDORER EAERSOKN S SVRBEEDSEE
THE, DL RFAOMYBFLOFEZCLOPREINTV 3T, EEOKO R EWE = L
THYBCHPHRELHEGIE L, L oT, ENOERIIL > THEMEOKRS S 2RV LI
+HEEID B,

KROBARAR 2 - TERLILZOTHENHOHBFPHRICIL L2 2 I LVEMTH 2, Hod» U
DMEHREEO b T 2WEXPFAL, BELRR L L 2HER 27 v 20Kk E S PHRITBEMD b
DEFAT L, BRYPESTHL, LTIy 227 v b L I2ERC L - THEKEORELIC L 3
FWIEDWFE DR ZRT,

3.2.2 73 v EFIE KK

BURIRT & 5 CEZLI0MmME 350mmD 2 F— BT 0 v 212ES 5mmdD X F— AR %
Bat, AF—rAREREYLNTHY, JOFFEFTMLINLEZ I v 27 LALRT, 2ITOE
FALIR 2R TCRONTH Y, BORIPHFAR—BCEBMLE LT 2, 25 v 27 OlEERSYHA X%
B, BRIELIMEROBELE LS LIL Y MEOBILOKTF 2T L Ta 5,

FOHRIZFE 2 FRLI IEED b O H - 6 N fe, SsiZFE 1 mm, F£30.5mm, ¥ v F5mmT
Ha, SUIFEEH»SsERUCTESPL.2mmEFELL Cy FRECTH 5. Lsl3iEME»2.5mmEJR{, HED
FERALEY Yy FUSSERIL 2N FN0.5mm, 5mmTH3, T bbb, SshiBhEL T2 L, Sz biE
W, Leix & hIRCEEICHYT 5,

FERILUIERT e v 2 OFBMKBCRE BN R CL D, Ty 2OMBIRCHER ML A,
3, WAAUWOMBREZSHREL, 29y 7 FEYELD L 2REORVCIRLERY> WL %
WMy&EzrLs,

JA 2 A F— v DM E E IL P I 2THI5,600m/s, SIEHHI2,700m/sT H 5. &I OB Rk K
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(a) input (b)

-

Scm

(1)

Smm

Sem

output

BUR 27y 27t s BRELEEOEFVER SR o0l 0y 2OBCEY Yo LARE LS AEAMERE L RN T 5.
FOLCHRLEPY- LR PMOBLEZLL Y, WERSFEE—TAIEDTE S,

Fig. 14 Illustration of a model for studying on attenuation of elastic wave by scattering from cracks. Elastic waves propagates
through the steel plates which are sandwiched between two columnar steel blocks. We can keep the measuring
conditions unchanged by exchanging the blank plates to the grooved plates.

. —
Qp I0'} o e e

2 Ss0 Slo Lsa

0L . .
i5 ilfs 2.
Frequency (MHz)

15X P atd 2 E Y5 A X Q7O kBRI

Fig. 15 Frequency dependence of the attenuation parameter Q' for P wave.
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Table 2 Sizes of slits

H(F282%)

WOFA7 | 1) &8 (&) | %R R &) | 8B E) R GE
plate type Ss St Ls
BOEy F 5.0 5.0 5.0
slit pitch
HOWR 1.0 1.0 2.5
slit width
BOBEX 0.5 1.2 0.5
slit depth
(unit:mm)

AYy POy FRTRTELCY, 27y 27OBOBCHLYTERY v bOIEE,
75y 7OWRCHELAT ARSHYRL S, Lsd 2 7 v 7EIMOMEPITTH 2 Lok
LG by s,

Siit pitches are equal for all plates, but siit width (crack aperture)and slit
depth (crack width)are different. The cracks in the plate Ls is regarded as a
flat crack of which plane is parallel to the plate surface.

&, PiEiz2owvTi3, 500kHz, 1MHz, 2MHz®D § DL, SEKIZDw T, 500kHz, 1 MHz
DLOPHCOLNI, Ld-T, BREZ2I 9294 X ORI, ot AWREK I MHzi 2w T
DOEEL, PIKRTS.6mm, SIKET2.7mmE LY, FEPCERI LB UA X =L L5, LUIFTIETOX
S04 5 AP PilkCd500kHz— 2 MHz, ST I2250kHz— 2 MHZE 3 20T, Pi%, SOk
b BEZ Ty 7D¥Ea L OMIRIZ, 0.28<k<2.8, 0.20<k<5.8L1 5,

RF— IR DM S RIEMRECHEY 5L 20T, SEMRELA—CEOLOWMOERFSY —
AREHT B L E DI, TRy 2 CRF— R PRARAATKRETINOCEXEFETILDDOHELX ML
ro. WMER, BRMEKOBEEBEASR O ks Rs3 L, PETIK, FFEDOKS 3% 2tonkl
it al, BEKRORIEOERIIZIZELL 20T, WHEZBAT 2BOMEL3.5tonk L1z, HE
DS/NILRREL, ARy Xy Z7ORERLroiz, PHEDEA, HHLIZKOMBOBRAAAITE
DECIZLIABBRAOOLE» -, SETERERMTLIOLT»LECIILS LELONZHEYR
Chated, ROEFPELTHEBPIEHELING OEBOIRIEL FH LIz, 8612, REITOMY #
WAIBDECIZ S 2 RBOBEED 6iLs72®, 6mmTHOT 6 LRI ODIRHFFCIRELY LD, I
LIZDWTHEH P LT, SEOWMHE, WPYEET L LIORNEOHMELZ LY, EEMEIR
TRTDERT Stonk Lie, 72, S/NIL PIRIFEEL 20OT, 5EIRRIOADRAR vy 2%
Tt
3.2.3 B W

BIERORMBER R T /0T 2 X QUIRRD I 5 5,

Q=2 (4/4) (20)

T, vlMEIREE, ok ARKE RERTOROERBENE AXBRIEORE Al AFEOD
WRIETH 5, NEEEL ERELLSMC L 2 BRZQRT, MELC L A MEP QL TET &, 2RHR

Q= Qi+ Qe

Ll d, BEY-> TwRURERALGAOEER, I ITRYBRIBILADA =X 212L 54D
LEZAIEDVTELDT, ZORDOBRBEDRIELAntT5. X (20) 2HCT

(21)
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—200(4/4) =L lin( A/ A) —L0 (A A9 &

At SHELIZED 212 & 2 RIBOBAEE R T, b s,
Q;clat = —%ln(Ascat/Al)

= —ﬂln (A/AI) +—211n (Ascat/Al) (23)
@x wX

- _ﬁln (A/Alnt)

@X
Ly, BEERYoTuROHPRANEADERKEDOEEAL L EED-12L S OBRBEDIRIFALC L
o THELC L AHBED 5 A X Qi ERDB I LV T E A,

QL. XKD 2RO L 5 RILEEP TS, HRBIEKROREL 2500kHz, 1 MHz, 2 MHz&REEHO
RENF2 LB NIIEER S PR 7 4 02— 2RT, SREEEOEET > 650 IO WERR
TEHA/ A% 3K 5, ZHEHEIEL % A OR S S TEAD ST 2, 25 L TR iRIEL 2K (23)
AT B,

3.3 & R

BRI P B 1 5 Qe DRKBUIKTFER LT, ©THOBKRD 2 5 v 212 b RIREKFEL R
HoRs, SHEOBARERSOL A LEDHE L PERT 5, IRIFKEORE IRE ) M TED S
FHRELDEFRELLOLED20TLESNTH Y, FI6KE 2 ORERERT. Pt FEMKESET b Qe
OREEKFEEI D OB, 31, QhEFIFT ML > TRE-> TV 5 Ldtby s, HOEITE
AT U TIRET 2 SWORER Oy, BOETICOPTCREIT 2 SIL b bRENREL, 3615,

IO e T T T
SLITLPOLARIZATION e
SLIT/POLARIZATION 0

Sso Sla Lsa
2 a
A
A
a
1 4
Qs 10+, A
=
a
-
]
[ g a
[o] . o
L ]
o
o]
(o]
2
Io A 1 e 1
.25 .5 1. 2,
Frequency (MHz)

HI6R SHEIKT AR 0 X X QORISR REG P EOERFEC PO LEEL bOEOLTRIATL
5.

Fig. 16 Frequency dependence of the attenuation parameter Q~* for S waves. Parameter is shown for two polarized S waves:
perpendicular and paraltlel to the slit direction.
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SLIT L POLARIZATION SLIT // POLARIZATION
7 T T T T T T
Sse Sis Lsa o Sso Slo Lsa
6 e B L -
S b g s 4
- » 3
IO(D 4 [ i i i
~ L s
o [ ]
G 3 = 1T &
2+ A & 4 i a ]
* . A a
1 - - b =
o 1 1 I 1 1 1
5 1a 2, B 1 £
Frequency (MHz2) Frequency (MHz)

FITHM PIKRLESEORE $Z A RO SKOERFFMHSAY v FEEL D LFITLDUGFUTER,

Fig. 17 Ratio of the attenuation parameter for P wave and that for S waves. Q;5'/ Qs values are shown for two polarized
S waves: the S wave having the particle motion perpendicular to the slits, and that having the particle motion parallel
tot the slit.

BEOKS SREEOLES CAETREL TV, SIELsE TR, #Er h» 2RMOFEREICTH 527,
BIELES YRR A, EIESHECECSIE b b, FEEYE (RCLsDE S EESKRE .

LIFOfRPEE-ERLTC5DRPELSKEIDVTORORTH A, BITHIZPIK L Sk
SUTOQIORQ:/ Q' % RT., LsD & 3 s K33 b 312Qp/ Qs ORI BURF
HERANS L, IBEIHRIC L 2Q;1/ Q' DECH AR ERS L, L, SIRLsD & 5 IR 1L
NREADA S CEBAILQ QT DRI TESERD o h, RETFEIC L 5 Q7 Qs D AR K AE
R ECOTERNS,

IDESE, 299 2OMBHREOCTORF /QFIDEVE, HITOZ 5 v 204 HKRRCET 3
HELEEYS5 25, LedioaT, VSPLE, Hidt#RE L CMERREKMRCo-T, 2T~k
FiEZ TH»h L LIHMNBERYRFT 22 LT 8 5,

WE XBPEZI 24 —DF— A REBE Do T, FTHAREGET 1 £ A WA O AL, H
R (FEERLIFIR), PHFEANOER L RNEFROMERES v -7BOF 2R ERL TR %
GRS, #12, Va4 v b BEIEKO R IR R B KRR T IR (B9 A L KRR -
KAKHE, &5 BOMKROTELEL. BEeFveEL CHizo Tk, BLKRE - MlkMZK L
ORFIFEDVERTH o112, 27 v 27EF ML 2 MIEEROHETIRRERSE (FFIREELINFTRE)
ERRROLREERY D12, 3612, RFREBME P CIRED Y 740 =T K¥E - BER—BIR
PRUDET 2, ROF2OFE L L 250, B i by SR SR i (PR 1 4 RERTR) -
eEE R, Bk - FHESE, HMEFRTICOESYEL - SRR, R - ARA%, #HKE,
FHE R Rt X — « FREXDEK,
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Development of a borehole televiewer digital data acquisition system
and fracture system observed in the Tanna Basin

Hisao ITo

Abstract: A digital data acquisition system for an ultrasonic borehole televiewer has been
developed and tested. This system digitize the wave form data with 1 MHz sampling speed at
surface. It is able to (1) determine the maximum amplitude and travel time, (2) store these data
on an optical disk and (3) display the maximum amplitude data on CRT. These are carried out
on site and real time. The system is backuped by an analog video tape recorder which records the
full wave forms of the BHTV signal, together with depth and the North signal. The digital data
are transfered to another computer via GPIB for interactive analysis. The digital data acquisition
system was used to detect in situ fractures in three wells drilled by NEDO in the Tanna basin.
Fractures were observed in N1-TN-2S and N1-TN-3 wells, whereas no fractures were observed
in N63-TN-1S. The fractures in NI-TN-2S and N1-TN-3 are observed only in basaltic lava.

® &

BPr—nFr a7 (BHTV) RETKPHRECRI LITEY» CORF#RET 2 HBETHY,
HAOFUPEBEETS 2 KPR CIHERESROO LD TH 3, BHTVIEE D » THIEED & O REHED
BRIRIE & BLERBI 274 DRI T 50 2T 2 RRABL I
BN X B T OIRIB ORI, FIERMOBNE LTEEISRS, KU TATREEY? DR
SHEOIRIE L FLERBIOMEDT 4 P2 vIEREITY Lo L b, FIERERED B~ OMAHEZE s
JUBHTVEEDROMERITI 2 L27T 8 5, ARV AT A TiRIRN L FEHFHOmME C20TH
HoEm - ERYPREERTRET 2 I EVTE 2, R AT 2 2EBRAFELD 3 ROHHTHEH
L7z, &M TIRIT T A ¥ — « BEBRMHEARRERIC & vV ITRBEEED 12 ORWERHITb N,
T 2128 AT 3 AOHIIEFEYEI S0, 3ADHFZ LU ARE» GLUTDOI LdTbh -1,
(1) FHBEHRAND 3RDHFD? 5 2F v — Y AT 2R ENEFNKS(EL 5 BIHERFTRE
(HAET 5 E3NTWBE2SETN-3T LR 5,

(2) ERB/FHLAUREE LORERE S L FEBTOHMBEEVBRES 0Lz, ERIREATHY,
AT OREHEOFER L FARNTH 5.

(3) TN-3#TRIZEEBHETCSAL2ty POXEFRET L, 205 bley b RTHEED

* bR BT
Keywords: borehole imaging, fracture characterization, borehole televiewer, well logging, digital data acquisition
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Fig. 1 BHTV wave form under high temperature and high pressure.
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Fig. 4 A/D timing in BHTV digital data acquisition.
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Fig. 5 Definition of fracture dip, azimuth and strike determined by the present BHTV analysis system.
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Table 1 Lithological boundaries of the 2S well.

Lithology BHTV
Depth Depth Azimuth Dip
(m) (m) (deg) _ (deg.)
217 218.05 248.9 27.1
290 290.80 16.3 0
331 332.42 105.6 |
428 427.42 310.6 25.4
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Tanna 2S Fracture
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Table 2 Lost circulation zone and fractures observed by BHTV in N1-TN-3.

BHTV

Depth Rate of lost circulation Depth Azimuth Dip
(m) (I/min.) (m) (deg.) (deg.)
433 431 431.22 224.7 78.4
431.70 241.8 76.8

432.01 228.8 71.3

432.22 222.9 79.2

432.88 228.8 81.2

455~457 1,531 454.75 52.4 68.3
454.98 46.5 68.3

456.23 214.7 68.9

455~457 17~431

582 383 583.19 37.4 60.3
582.95 28.6 49.5

583.59 38.6 70.1
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Temperature distribution along a geothermal well measured with
an optical fiber sensor

Nobuo MATSUSHIMA, Keiichi SAKAGUCHI, Shinsuke NAKAO,
Yusaku YANo, Tsuneo IsHIDO and Masayori KAWAMURA

Abstract: A newly developed thermometer, using an optical fiber sensor, was applied to
temperature logging in geothermal wells. Our objectives were to test the durability of the sensor
under high-temperature and corrosive environment in geothermal wells, to analyze the error of
the measurements, and to observe the temporal change in temperature distribution along a well
during cold-water injection. The present study has shown the following results. First, the
thermometer works properly to measure temperature distribution along 1000-2000m geothrmal
wells. Second, the thermometer has a systematic noise. The standard deviation of this noise is
1.3°C at maximum. Finally, the thermometer we used has potential use to observe dynamic change
in temperature distribution associated with injection and discharge tests of geothermal wells.
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Fig. 2 (a) Temperature distribution in well YT-1. Solid line is the temperature measured by this study and broken line
is the temperature measured by NEDO (New Energy and Industrial Technology Development Organization, 1992).
(b) The difference between the measurements of this study and those of NEDO (1992).
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Fig. 3 Temporal variation of temperature at a depth of (a) 500m, (b) 1000m and (c) 1500m in well YT
~1. Broken and solid lines indicate the measured temperature and the 5-hour window average of the
temperature, respectively.
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Fig. 4 (a) Temporal variation of temperature at a depth of 1000m in well KS-6. Thin and thick lines indicate the measured

temperature and the trend of the temperature, respectively.
(b) The noise of measured temperature at a depth of 1000m in well KS-6.
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Fig. 5 Standard deviation of the noise measured in well KS-6 (a) at each depth and (b) at each time.
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Fig. 6 Temperature distribution in well KS-6 observed (1) at the beginning of the water injection (2/18 10
:31:06), (2) immediately after the injection stopped (2/18 15: 30 : 17), and (3) at the end of this
measurement (2/20 8 : 10 : 03).
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(a) KS-65iH 23511 3 IR ORI, =0 2 —BFE20C, (b) REREOEE MM AT 2 BIEL =
Z—-1C, -5C, -10T, -15C, -200C, -25C % & UF-50°C, FREEEN, BN 2 IBES D LM (=0 ORESH
BPELFOCLEBETH S, ROAMIZRLI DR, KS-6HIFDMANIC L - T 6 QHERE (NEDO, 1994),

(a) Temporal variation of the temperature distribution in well KS-6. Contour interval is 20 degrees. (b) Residual
of temperature distribution plotted as function of depth, i. e., the temperature is shown relative to that at the starting
ti me (t=0). Contour interval is 5 degrees.
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Fracture system analysis of drillcore samples
—An example in “Waita area”, central Kyushu, Japan—

Keiko M1zZUGAKI

Abstract: In this study, fractures in drillcore from three drillholes were measured and analyzed
using a drillcore-fracture database.

The three drillholes, WT-1, WT-2 and WT-3, are located in Nogami, Kokonoe Town, Oita
Prefecture, central Kyushu. For drillcore from these three drillholes, geology and features of each
fracture-such as fracture dip, striation dip and hydrothermal mineral veins-were mesured, and a
drillcore-fracture database was built up. A software system to analyse drillcore-fracture distribu-
tion was also developed. By analysis using this software system and the drillcore-fracture
database, following things are resulted. 1) Fractures are distributed mainly in lava, and some of
them may be joints. 2) High fracture density over 3/m is often correlated to circulation loss during
drilling. 3) Fracture dip frequency shows bimodal distribution for WT-1 and WT-3, and
trimodal for WT-2. 4) The mean fracture dip for WT-3 is steeper than that of WT~1 and WT-
2. 5)Some of fractures in the deep part of WT-1 are strike-slip faults with low-angle striation.
For WT-2 and WT-3, striated fractures are rare. 6) No relation is found between hydrothermal
activities and fracture dip. 7) Hydrothermal activities have occurred mainly in shallow part. 8)
Other features are quite different among the three drillholes. Hydrothermal activities are char-
acterized by calcite veins in WT-1, by quartz veins in WT-2, and by fracture plane alteration in
WT-3. This means that hydrothermal activity around WT-3 has been less than that around WT
-1 and WT-2.

Recently central Kyushu is spreading in the N-S direction, and many active normal faults
trending E-W are distributed in southern part including WT-3. Therefore some of steep fractures
in WT-3 may be normal faults. On the other hand, in the nothern part including WT-1 and WT
-2 there are some NE-SW and NW-SE trending lineaments and a few E-W trending normal
faults. According to previous works, some of these lineaments and faults with the same trend in
the neighboring area are regarded as strike-slip faults or normal faults that had been active in
middle Pleistocene or older ages. Strike-slip faults in WT-1 may be old as these faults.

* H AR
Keywords: drillcore—fracture, database, fracture system analysis, the Waita area
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Fig. 1 Measurement of drillcore fractures. D:fracture depth, F: fracture dip, S: striation dip, set: a set of fractures with the
same direction.
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WT-1
no. depth dip plane st fill thic set note core hard rock (st=striation)
1 28.10 40 gabth — ==-r =—== =te altr shrt soft lapilli-tuff
2 34.80 B0 peowgh = fmmmm am——s s e shrt medi lapilli-tuff
3 40,83 40 mnEth — e e s e— shrt medi lapilli-tuff
4 40.50 28 rough -- =-—— —=-= ——— ———— shrt medi lapilli-tuff
5 41,38 B0 rough == gl-—— =——= ==2 === shrt medi andesite
6 41.42 45 rough -- —--——— -=-- 1 ---- shrt medi andesite
7 41.55 40 rough -- ---=- ---- 1 ---- shrt medi andesite
8 41.60 35 rough -- =—-—-= —=-== ——- >s1l shrt medi andesite
9 41.70 55 rough ~- ¢l-- -——= === -=~~ shrt medi andesite
10 41.80 30 smoth -- -=== -——= —-—- -—-~—- shrt medi andesite
251 BB7.70 60 irreg —— @O~ ———= === Fe=— long medi tuff
252 '388..30 25 irreg 20 ————i=—== ——— mmee long medi tuff
2563 388.44 65 irreg 40 -—--- —-——- --— -———- long medi tuff
254 388.80 75 rough -= ~=== ==-= === ---- long medi tuff-breccia
2656 390.05 45 irreg 30 --=- --—- —-= -—-- long medi tuff-breccia
266 390.25 40 irreg 50 -——= —=== === >255 long medi tuff-breccia
250 890n40 88 ipreg Bl === m—m e - long medi tuff-breccia
258 . 390552:- 50 Slick F0 === s==m w== cwsn long medi tuff-breccia
259 391.25 60 rough 80 ==== —=== —-== ——=-- long medi tuff-breccisa
260 392.55 70 irreg ~-- gn-— -——-- === -—=-= long medi tuff-breccia
261 393.22 65 rough -- c¢-- 6mm --- -——- long medi tuff-breccia
262 393.45 B0 irreg 00 ——-= —=k= —=0 —e-— frag medi tuff-breccia
263 394.70 70 slick 20 -——- ——== == —=-- shrt medi tuff-breccia
264 395.55 60 slick 00 -=—— === —== ———-— long medi tuff-breccia
265 396.55 60 rough 10 ——-- —-=== ——= —==- long medi tuff-breccia
266 399.55 30 rough -- cec-—- -—-—-= === ———- long hard tuff-breccia
267 401.65 45 rough -- cc—-~ —-—--- —== -—-=~- long medi tuff-breccia
268 403,40 50 rough -- ce== ==-—= === —==—= long medi tuff-breccia
269 406.55 70 rough -~ cc—= ——== —== ~=-= long medi tuff-breccia
270 419..68 45 smoith == w=—= =il m—— e long medi tuff-breccia

F2R (A WEAWT— 1 0a7WRT—x~—2 (§5)
Fig. 2 A sample of the drillcore fracture database (WT-1 in the Waita area).
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Fig. 5 Correlation of geology in the Waita area.
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Table 1 Count and percentage of veins, altered fractures and striated fractures
for drill holes WT-1, WT-2 and WT-3.

WT-1 WT-—2 WT—3
Lﬁgﬁﬁ 593 210 495
zeolite 40 14 8 —|
chlorite 0 ; 3 0 '
i3 epidote 3 8 5
N
*x anhydrite 0 1 0
bt
x calcite 133 2 0
h
= quartz 26 80 1|
i !
-+ pyrite 6 0 0 !
limonite 2 7 9 l
clay 8 2 2 [
fta - 9 3 35 3 |
% st 214 140 53 ﬁ
TEA IO ] 3 8 49 |
MR+ WHEEE B 217 148 102
| a5 582 | 108 | 9 37
W .18 | 6678 10.7%
Wi EA 0.5% | 3.8% 9.9%
wxid s
R+ WA TEZE B 36. 6% l 70. 5% 20. 6%
e
SIRD B DM 17. 4% 4. 3% 7.5%
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L TC 5, 690mITidR/AKIZA G N 1225, BIEIECIZ® INL b THECHRNEEORO Y —2
PN D B AREMEDSEETS v, WE KT 5 L, NIHTILEOR I L AR LS O T
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Fig. 10 Fracture dip frequency for the three drill holes.
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Analysis of the pressure transient tests and inferred fracture characteristics
at the Yutsubo field, central Kyushu, Japan

Shinsuke NAkAoO, Yusaku YAaNo, Tsuneo KikucH1, Nobuo MATSUSHIMA
and Tsuneo IsHIDO

Abstract: Pressure transient tests (injection, falloff and interference tests) were carried out by
NEDO (New Energy and Industrial Technology Development Organization), using two 1,700m
-class deep wells at the Yutsubo field in the Hohi geothermal area. The inversion method
(Alexander ef al., 1993) were used to analyze these data. Permeability-thickness (kh) around
the well YT-1 and YT-2 are shown to be 0.04 and 0.1 ~0.2 darcy-m respectively, from the falloff
data. Analysis of the interference response of the YT-1 during water injection into the YT-2
shows that the kh between the two wells is 1~2 darcy—m, which is quite larger than those from
single well test data. However, this result is not conclusive, since the data quality is questioned
by another inconsistent kh value. We also discuss “fractal fracture network” indicated from the
falloff data of the well YT-2, and the temperature dependent porosity and permeability changes
which are necessary to explain the pressure decline observed during cold-water injection into the
well YT-1.
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Fig. 4 (a) Downhole background pressure of YT-1, (b) atmospheric temperature, and (¢} downhole pressure residuals
corrected by using linear regression method.
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Fig. 5 (a) The result of inversion analysis in case of the YT-2 falloff data (obtained in Feb. 1992, Fig. 3(b)). Upper figure
shows the calculated data (solid line) and observed data (circle), lower figure shows the difference between the
calculated and observed data.

(b) Contours of normalized sum of squares of residuals between the kh and ¢ch, in case of the YT-2 falloff data
(obtained in Feb. 1992, Fig. 3(b)).

(c) Contours of normalized sum of squares of residuals between the wellbore storage and the skin, in case of the
YT-2 falloff data (obtained in Feb. 1992, Fig. 3(b)).
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The result of inversion analysis using the YT-1 interference response during water injection into well YT-2
(Fig. 3(c)).
The result of inversion analysis only using the YT-1 late-time interference response (the portion of pressure
decline) during water injection into well YT-2 (Fig. 3(c}).
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(a) Log-log plot of pressure and pressure derivative versus Horner time for (a) YT-2 falloff data obtained in Feb.
1992 (Fig. 3(b)), and (b) YT-2 falloff data obtained in Sep. 1993 (Fig. 3(c)).

Fig. 7
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Study on fractured reservoir simulation

Yusaku YANO, Shinsuke NAKAO and Tsuneo ISHIDO

Abstract . Numerical simulations were carried out to characterize the behaviors of fractured
reservoirs. Discussion was made on appropriate models for different flow regimes based on
Pritchett and Garg (1990). Fracture spacing and rock matrix permeability are the fundamental
parameters which determines flow characteristics in cases without global flow. A simulation on
in-situ boiling revealed effects of steam saturation distribution related with relative permeability
and heat conduction, with global flow. A simulation on cold sweep indicates appropriate
production rate for reservoirs with different fracture spacings. Numerical simulation can also be
used to predict complicated effects of reservoir and wellbore parameters for well tests. Simulations
were made by MINC (Multiple Interacting Continua, Pruess and Narasimhan, 1985) method
which assumes single scale fractures. Problems to be studied in fractured reservoir simulation,
such as the necessity for numerical treatment of fractal reservoirs, were also stated.
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Fig. | Representation of a MINC model used for numerical simulation of the behavior of two-phase
fractured rock (Pritchett and Garg, 1990).
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Fig. 2 Temperature distribution at various times (T) in a sphere of radius a with zero initial temperature
and surface temperature V (Carslaw and Jaeger, 1959).
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Fig. 3 Characteristic flow regimes of fractured reservoir based on fracture spacing (1) and rock matrix
permeability (k) (Pritchett and Garg, 1990).
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Table. 1 Model parameters used for the numerical simulation of a production test with in-situ boiling.
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Table. 2 Times required for pressure equilibrium (z,) and temperature equilibrium (z,.) of nine models
for numerical simulation of in-situ boiling,
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Fig. 4 Numerical block configurations for a production test. Fracture blocks are connected in the MINC
model for global flow representation.

B L TR oy, FZEOERCHELIEEIROBEH2IZH-T, R—52 - AF4 T LT
EDEHFPLARTTHE, L, BE5ROHEFTVOENBBIIR—F AR LF - "—L b FHOME
EH> TRIZEFCEATV S, ZOHEBEDOERC Y - TEET 20012, WM LELG~ MY 228
ED0TORARMEP L L TAL, EEEBRIOE (10°W) €, ik7e vy 2 GETsE2 70
v 2 OUFBEZARSBMEIR0.16TH B, —FERA M) Z2AWRE Iz v - 70y 2L b0.66BETH
5, Thbd, WMEHLAAG MY Z2ABIREE - EHRFEETH- T, EABMECKS LHEED
EU2, ZOERFIE, EE<MY 221, BRI L TREPRIET 2—FTh- T, HAMHED
SFLEL-TOLOHLT, WRBRER~ MY 7 28BREHH L Y R EMOEBEIET D 6 DR
HRADHEIHTH S, TDL 5 CHRAMMEFBEL 2 LHBEL L 20RMZERTH 2, 257
ATHE L T 2 3N ERIERE/RMAE). 3, FREATAE. SOEMBM L XEETHL, LIcH’

— 383—



OH W OE O Om 5(Hs2s)

8:
R ln e T

Pressiire(MPa)

Time(sec)

BEE vHEAS—ATHESREL TC AMARR B AHH T v v 2 OEHER. IEHOKRET L L
BT A AT TEFVEDCTEOEBERL TV S, MBS VOWBMBLEEA~ b ) 27 A@BER
B2RIFRT, 2TOEFTAMEDCTY 0 =NV RRBRL vF N — 2BOILEERF—Th 5,

Fig. 5 Pressure transients of the well block in a production test with in-situ boiling. Results are shown for
nine different fractured reservoir models and a porous reservoir model.
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Fig. 6 Temperature histories of production zones of different fractured reservoirs and a porous reservoir
with cold sweep process (Ishido, 1991).
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Table. 3 Model parameters used for the numerical simulation of cold sweep.
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Fig. 7 Appropriate production/injection-rate region (dotted zone) for fractured reservoir (Ishido, 1993). d/V,, is the
thermal breakthrough time for equivalent porous reservoir.
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Fig. 8 Pressure transients of well blocks in injection tests of three different fractured reservoirs and a porous reservoir
(Nakao and Ishido, 1992). High-temperature water is fed into the reservoir for one hour after the injection start, due

to borehole capacity.
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Development of common use data management system for geothermal research

Yuji NisH1 and Yusaku YANO

Abstract: New geophysical prospecting methods such as array magnetotelluric method, high-
resolution seismic reflection method, VSP. seismic tomography or microearthquake survey have
been studied recently to detect physical properties of fractured geothermal reservoirs. The
common feature of these new exploration methods is to record electromagnetic or seismic wave
data simultaneously at many points. Some new logging tools also produce a huge amount of data.
To promote the availability of these large data for a wide variety of research applications, a new
common use data management system was built. The old geothermal database system was also re
~configured to utilize geothermal well data.

To manage huge data efficiently in the system, we use optical library devices for the storage of
less frequently referred data. For stable and continuous operation of the system, we use two
workstations with the same configuration. One of the workstations runs continuously as the data
server for users. The other is used for data input/output from field tapes or software development
and it works as a substitute machine if the data server machine has some trouble. For the
flexibility, the data on the system is stored in simple structures or commonly used structures and
have no restriction of special format. The tree structure of the file system provides a good
accessibility for users.
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ﬂ"ﬁj,,ml;;:ﬁ;f:f" / 13GB home  660MB /data  L3GB e
(system disk) (user disk) (data disk) Vi
v (for LascrView)
Jesid0 660MB fusers 660MB
(work disk) (core user disk)
= HPO144A
(\ 1/4inch CMT
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i A 4 E
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e P =Ty e
! = el :
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- ~
SPE(CIm-rkﬂA. fx N ‘ ‘I
SPECInt 36.2, SPECFp 112.0 o —r’
18.6 MFLOPS * | jdatshmap 13GB | ]IBMS-".”‘H“‘
g Eeisifiies @Di3D) . (mep data disk) _/ aser printer
10 Kpolygon/sec . O8N : -
by 24 MB
J:ﬂ 10 MB (internal)

3.5inch FDD

B4 HEF— X EHS AT LD,

Fig. 4 Configuration of the common use data management system.

ZDEL R EDE LRF—ZEDOTRIDEI LF— X H_RTERRMECKRE 07 2 A
Eablv, 2ok, DL LF—XORRIES LFMERINE - TEONHEXZET AL, 0
LOKRERF—ZODE(RECT 2L ATETHLILERDLLG, 2O, X741 AZPREAT4
AZDLEI LB HOBEHEIIREL, 727223 NNBCHBNZYRAT 22T P34 —
P o Fz P —RTAVIA Y E LT TATFERELEY 5, BHEOBMAXAT4 7T 212
MSSET S HAFERERICIELZY 552, KBEF—FOARNEEET 2 L, HKAREDOECNT 1
A2, RT A AZOE L VB RER - BREET 7R - F— X ORLBIEETH S, O,
K25 LTHTEHTSOMBOARPES Y & — T WVERTH 3 RBRT 4 A2 #REEARL LT
AL, A—b - For Py —WEPHSRRBRT A A2 - FAT 7V HEEEHALTIOLDKRE

=iy

e

— 403 —



wOE R OE O oW EEEES)

BF—2BRETHIEE LR,

T &« F—SEWSIE, 47 SHECHEHT AREFT -2 2 EPNICEE, TET AR RAFL0L
BETH O, BRIMROXERT 4 22 (93.6GB) #WNRAWHELABRAT A AL « SAT5 VEER
AL, =2 H—L L Ta—FUEUF—2PEBEL T3 0-bIFHRAN O EHOEWSTH 5. UNIX
OSHEDFDZ 7 A w7 7 2 AEHIEHREEDOFIR CMA T, 2DEAETH 2 XBRT 1 22D —F
VTR REEBIBELFIHELT, F—XOREETI. FT—X0RE - TR - LHEFCHCLY
ZhvaTiiowTh, WRELEBOF— Ny 27 o FEWSETTF A PSR LD RERT 2, 77—
& F—"EWSTH, BEEREZEADY 7 Va7 2ERTAI EICL b, TRELIRY TE LI ERE
ERPTO—Fr 7 —22@RET22 L2 HEL L TERAT 5. 212, REWSIE, D 3 BOEWSIZK
L TNIS (Network Information System) D<= A X — + 4 — IR IFNFS (Network File System) 1:
$577 40 F—ovE LTEMET 2,

PNy 27 v FEWSIE, F—& - F—~"EWSLRBIERIUANA—FvV =7,/ Y70 7HRTDH
b, BERPFREE T —RZOUEML 2ORBAT 4 A2 ~DEFFAL, FHYIMNI2TOHR . 72
MEIBERTE, JO, Y7 YT ORE - IMEERZEO Y, YBECRCTHEL 272
PRIV ey b3 OO TAIE LY, ZOHEAFE EHEHE, - EWSLUE» L bREL 2
b bLes, 21, REWSIZK, Hi#HEF— 250 ANHIBRA T —7EERZ Y v 2EVEHEINTY
5, =X - —"EWSEZ I 7DV EBIICREBPET 2EACE, SOF—s ey 2707
EWSH#RBME L THEATAILIZLY, AT L - FUVORMPRANRIZEED B,

HHF— X 2R bV EEL T2—FIREL TV D, 2O 2H5DEWSIZ DL TIRER MO
LICEREERPERL T, BEEFCHET2L502LTH A,

INGDEWSD Y AT LY 7 bV 720 TH, BEESETAHy bV—2%20 LICFIH, Blepim
FABE~DEWS~DFIH L o 2HETE S —RIIERL TV A2 2T - 2—FHARL—F 4 V2 2 R
7oTHHUNIX b, BARSIE SO TEREOEELHARSNZKRDOL I Yy 2 v T AL L
R, SOLECEHEINAT—RIZo0TR, UNIXO7 74 v/ Farv 2 b VBEEL2 74 0T 22 R
MLETCTEFHE - BN, RVRTFLANDT 272 ARFECA Ay by—2r8RiIcL s L E LT,

*0SHLUVA YR v 270 UNIX, XI1, Motif
kFv h7—2 TCP/IP, telnet, ftp,
NIS, NFS, mail
*SiE C, FORTRANT77
¥ 7T T LY TR GKS (2-dim.), PHIGS(3-dim.)

F— R« F—NEWSE Y —3-0%y 27 v EWSDO0SI3, HP (Hewlett-Packard) #8DUNIX
THHHP-UX9.0D=mF - 2—HFIR (162—F) THs, TDOSK, YAFLVY ) —2 3 FHEAR
L L TBSD4. 3B M LIC, OThH b, #ZHERME & L TIRPOSIX R UX,/Open XPG3Z#EHL L T
VE, e FTUA RN RTFLAELTR, MITOX112FHL T Y, V4 v V=4 T+t L TMotif
b L ( HPHOVUE (Visual User Environment) »HT 3 5. 2 D0SIE, BHEEM A (NLS)
L OERFBLYR—PLTHD, Y2 VvEREFHLANGIZL Y, Sy arvETHAINE S 7 M]IS
(LANG-=japanese) LUNIX7—2Z2F7—¥ 3 TR S L Twv 3 EUC (LANG=japanese.
euc) #ENHBRAL A ELVFRETHS, EHROBEP AV IV —2 alasr—alilBbL TR
HRANZOR]IISTE Yy NEFETH L LOHE L H 2 (FSiEH, 1989) »%, ¥ 7 MIS, 7y bJISK
UEUCO 3 OEF 2 — FHOEREITI 74 vE - Ful I nkfhsTw0b, 212, R 2F4T
12, ETHERNET#FH LI TCP/IPi- & 2% A v PV —2BRBORAKRE LT3, ZOLT,
telnet, ftp, NFS, NIS, mailEOMEEr FIFARETH 2. 72, F— & -+—SEWSizi3, UUCP#®
FIRHL Ty AT 2RFOYR— b #2175 HPHBLD Remote Watchy £ &2 b—w L 12,

REZAFLETOF s S 2RO DIC, B LTRCEERFFORTRANTIOEHLTRET H

— 404 —



BT — X EE L 27 20K (W - KF)

5, 861, F—RH4—EWSZH TR, C+H+OMHEHLARETHS, /2, 777749 27REL
Tk, 2KTTOBAEDIZHREL L TGKS, 3IKIE » 2KIEDOHAEDIZHEL L TPHIGS2FR—bL TV 3
i35, HP#Dstarbase b HEHTE 5, ThLIZL 3 Y 7 M Vo7 OB ET 2D, v oL
DIRE - 22 f e Yz 78y 2 EHERPRS T 5Softbencht WICASEY 7 b v =7 b
HmTRE E L7,

4.7 HEFT—2 AHRTTHEWS

M7 — % AL JTHEWSE, SEEZED—HDA A —VF -2 DAHRTEBEINLFT—XIz20T
OEBM LK 2L T 5, RKEWSKE, ¥+ ./ YOPIXELDioF 4 YRV HhF—  AF—>ay
PINHT—DA A=V AMNEBRUI S 5 —PostScript V) YR ELTHATHIENTE 5, %
12, REWSZ X, HEBBROBTREOLDOMAKEL LT, 4 A—Y-7 1 27 v 4 %i& (Graphica
M-1008SP) & Hefi L 72,

PIXELDioF 4 V& H 57— 2 F—¥avizdh, A3 COXE, 74/va, ©FFELL 70
HF—RBFT—2DANREETH Y, 1, PostScript, TIFF, XV 4 v NEOKx RiZ#7 x —-=
YIDTPANDING ST —RBFT—ReBNTAILYTEs, ZOEBDAXF v F—Hd» 61, A3
FTORF Y, FHEE20~400dpi, RGB& 8 v w b (16,777,21662) OF—X ELTANTAI LT
55 BMY 2 taPilBAABEDRAITE, BRECHI TRy TLEHS), 12, AXxy
F—~DORHHEERFIBET A L2L Y, Bmm? 4 v a (AT RY), OHPZ 4 v 2 ED AT b [ EE
Tha, 21, ¥FFABIEOa Ry b, S, RGBOZH 96, NTSCO T+ ANES #600X
BODEMRE LTARHTRTHS, COEBDTY ¥ 23k, HRASME 2 tr, RGBE S & » b
(16,777,216f8) DA A=« F—=XDI72NnHTF— 7V &, F120k, FEEEIL400 dpi, Fek25660D
PostScriptlevel 27 5 —-2°) > & b L CEMET 5. AT S 2 A4 XA TOEEAKTH 5
7%, BRALAARCGAID 2BEOAKO A 28— 35, T2 UBELEHT L, OHPHMKIZ b i H
THILVEETH S,

ARX=T « F 4 APV A4 B, 4096x4096x24bit LVCIEREZ7v—20 - A2 Y PREOHEER
HDYE—D -2V FXEBAORKEETH Y, A A—VREAOEAY 7 V=T ¥ H
CTHIEIS NS, DA A=Y - F 4 AP v 4 EEHIC GLSP, GDSP-1, GDSP-2, CORE, MOVIE
BYU, 2Dpaint, IMAGER-H, GeoGraph DY 7 F V=7 « ¥y r— I RHEf LI,

KR FLDEODKBAY I —F Vo7 b LTI, i3 —23-05y 27 o 7EWSIZHER S 1L
v—¥%+ 7Y & (Canon LBP-B406S) RUAF— - fv2¥ =y b - 7Y % (HP PaintJet XL)
BHL, INLOTY VR, EETXADL - 77 AVORNOMIZ, ZDOINKROBEEL D 4 v K - Y
7 bv 7% b, PostScript, PCL, LIPSII /LIPS IIIZ&DE#ER e R— JEREFHEE P v Xkt
T AR 2= FTHBHP-GLE N@HP—GL/ 2 2T 52 L b ABETH 5,

CHOOHMNBBEPHATAZ LIZL» T, —RACIEREL LTHRONBER/REFT—% - 74
—2 P PDEFEAEDHEAYTRELE LTV 2, FEXDT7r—=y bl FY & 2F—-5, 7
AWK 27 bV 2T REN—FU 27 285 KIIRT,

5. EAF—XEBIRAT LI LT—XEH

5.1 F—X& - 727 AtEOEH
AEYATLATRI—F%, P27 LLEOEELITI VAT LEHE, FF— 220 TOFARIT
537 —REHE (KL ATLETR, [27 - 2a—F] T 3), REFT—ZOFHETH 5 —fka—
FOIFPEOI v 7 RS L TEHL TV 3, 2T02—Fi—f2—F L LTO2—FID%EHL, &
AT ADBEOMAR—EI—FLLTITS. YATLRE, F—EALEDFEEPITIRAML, 20
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File Format LP spooler printer output
IPU
con’_\mands
7 =
IPU-108
Ip -d pixel AGI GSI 8 Mpixels
D EasyCopy/X|—= IPUprint 24bitcolor | ooy
. PIXEL Dio
\{ t KEE
TIFF, TARGA gl‘(‘féoe rin%m digital .
XWD, CAEDS color statio]
GIF, CATIA i
PCXj SGI plXCl PS-IPU lzt:ﬁ;.‘?ooldpi
SI‘INraster, AGI PostScrint 1t color
simple RGB format level 2p A4/A3 ﬁlll-cqlor.
- 256 colors graphics/image/text
Ip -d pixel -ops w | 400dpi output
—_— 3 Japanese X11 hard-copy
Z: 3
] L)
PostScript ~ Post
/ 3 Script
Ip -o-cpd! Ibpb406s (default printer)) ““F
{’{DPL-J Canon
LBP-B406S
LIPS3/LIPS2 Ip -o-thru m—— LIPS3 300 dpi
laser printer
- LIPS3/LIPS2
HP A4/B4
PCL->LIPS
p Ip script BAW
Ret \ j text output
image hard-copy
Ip -d pjetx] -or
4 pjetxl
PCL HP
. PaintJet/XL
I e Ip script ‘
8 color
text file ink-jet printer
— {1
N J HP-GL 8 colors

text output

D Ip -d hpgl image hard-copy

HP-GL
HP-GL2

FoE ALFF— WS AT 2O XK, iR B
Fig. 5 Graphics/image data output facilities of the common use data management system.

BEYBS2—FOAN VAT LEEE, 27 « 2—FEL L TO2—FIDEHC-TZOEXEETI.

AT LAEHEE, VAFL N—FULT /Y7 VT OEHR, FEBER (F4AZ  AR—
28) QE|Y S THED WL R— — s a—F L LTOFHER N —F V=7 /Y7 V27 OEHREY
735, #12, cHEZMAT, BPAFLOEMT 57— XOEFBEROTH, 2—FOFH, 7—40
NEEEDRELR ED Y AT AL 3T —ZDOBB - REOHESOMT EEHRT 5, ITL, ©
2 F NEEHENELT 27— 2, BEIWRF—FCHTIRF—2ETEL, a7 a—FHE
B AERMOF— 2 CREE LG,

a7 a—Fik, KIRFLERFOT, FF—FOLEHE -8, BEY 7 V7 OHRLE 21T
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BT — XS Y 2 T A DM (F - &)

RO a—FChHs, 27 « 2—Fioik, YRTF2EBEFIHEHENT, F—2ESALPED
PARVATFADFT—RIMNTEHLWAT 272 ANHFINT V3, £aT7 -2—Fik, FFEELHEWS
bLABF— NNy 27w 7EWSH LF7T—2 % ANL, REINL T —XREEOIFEE - THAHT
—XEBHT L, KaT c 2—~FOEIAATRLEK, BLOFETIF—XEHEDOT 12

s, a7 - a—H3, ACOBRETREF—XINLTT 7 2R o2 —Fr BBkl & 5
CF— X L TERREHPITIRBELE DD, 2 —F UL TH— R 2 RET 5 BHREEL
Lo, F=2I L THEEDO27 -2a—Fr e s b b s, [BMEEL] LeiHihcLy, 272
—FDROF—Z DT, KEATLTREDRC, HEST27 - 2—FIIFEET 27— X1,
T AT AETEER (EIEH %), NHREF—x, BiFHFA L - F—&, ERET—X, KEET—
%, VSP#— %, BUMbET— %, BHEEGRT —&, HLEr—&, R —2 (ELEEER ST
H5,

— g —FL, AP RATFLADF—RARUBEEY 7 N T OREAHRBZETH Y, HPFT—FIZOo0
T, 27 » 2—FORBE/BLFT—Z 20 TORARIVERD AR D, —f—F, XP 27
LIHT AR L FYE - BE (F—FDAN, 25— F—& /7 HOEE, ¥ 7MY x 7 ¥fifete.)
Pa7 - 2a—FIRTIERTES, L¥L, BNEBPREALTARVYATLLLCTE, YAT L
DR - BEE DA VAT AEHEERSF2T - 2—FI, A7 2BECSMLTOLR [Hi s
—F | LM LTEEYH-TO LR, IROOFYE - BMEVEH SN HER 2, —R2—Fi,
JERIE I — 7 7 A VM L 2 —FDh— 0 - P v 7 PV AL REEIAAPREEL TS, —FF
7 7 A VAR (/tmp) 13, —EL T — X OBEZOID OE S ALTREFEMTIEH 2 15, (ERkIA
IR 2 0RO 7 7 4 viZIER SN, SRS ERRED Ty v,

HLOA—FRAEMAT, FEF RN LTT 22 ABLFHEOL—FOINV—rHREL, 7
WemTP e LY, — LNV D 2 LRV G TF— ROHAOERZHEL T2, H2DLr v
CRRLT, 2—FRF—&2 2B - FIHT I LN TS, Zv—7" vvid, REAVRES N
F—RIHLT, HEF— XMW LT2T « 2—FDHRE LR V= NOL—F DAV SRR 7
—ZDLv_uThH b, UNIXOZ v —7KIFACL (Access Control List) k327274 -T 21X -
ayiu—pict bERINEG, —fFr~nid, [T THEBsN, 274 vOFBAL VEF
Wheear—FiZxLTH2 5 LIZL DFHEINS,

5.2 HLHF—XEHY AT HDT — X DM

IHITIRLIZLI G, KORFLAPVEBTRENBOFT—XIE, el ML hpELES
N5, FTLBEEI AL LHEREEFT -2 RUBEETF—XThH s, 72, WRLRY, 7—XOK
B, WMEFEEPEGT D ILERZBOMMERP, 7 — X0 TRA) - LBy Y
LZTEERSAFALEAN LT 22, ZHLOME L CEREHFII - T3 o o ndE# D
SRR DR 2 RO,

MfrDF—RiZxT s 74—=y b7 — 2k, FHLREE, b LREEFEOBELRFOb
DLTAEILEPHEELTED., AL EHFE, BEORFEF;—FHBGS]Z7+—~>y b (A
&« 3t 1981), SEG7 # —= v b (Society of Exploration Geophysicists, 1980) Db b —jf
LU + —= v L 2EOEADEC, LYL, HILOBEREROF—X b EDRETOF— XK
LThorUDH e 7+—< v b PRELTASRAF L PHEET L LRERCERMTH Y, 210
KR FADTBKBEL R ZEZ O R bR,

SOEI R LT — A CTRENIBT ADIL, RY2FATRUNIXOF 4 v 2 b Y R Er
Li:F—20niEErHC-AZLELE (B6X).

RYAF LB CTE, F—XOAN - FHET> 27 - a—Fi, E4T 27— % BT 20H%
BMLTAMEETH S, O, BEEF—ZONEEORKRLIR®B L s Mo, 2 THEEFRE
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HWEERAT—2EWe 27 20K (B - RF)

CEOEETHONTCEIEELS, FT—XDONIEEORTRE IR, 1HOEECL YEEINRL
F=RIETE3F4v 2 ) THE, ZOF4 vz MY OTILRR, #BEF—%, F—20EK, HigE
LOFEIET 2 MBEWR, 7 XA - DBRAFTER, 2072 HEHET 0 ORATwSS
LEOEBLIZZ 7 ANFER I LDs, 22, TOF4v 200 TOME, 774 vORE
BEEBRLEZ74vb Il iws, IRLDFA4v2bIRXx—LRha7 74 vOaEBl%EIzo
© TRUNIX-PDSECHE L fofi— B e BREER BRI L, 21— ¥ 97— 4 2 ST 2 B A0ORELEZHC. 7
— 2, WA L HRMBELIGLTALEYF T T4 v 2 b Y BERT 22T, 2206 TFREF—%
ONEHEB L 2 20T, PRA7L&EL LTHRCEELZRUI L, EF—XBIONMBEORHS b,
EARMZRBRBEYZE LIS S 2 PR EEEEOREYERAT 20, EEMEOFE - #F, 7
—XOMEHEPERLTEAT - 2—FrPRE - BT 5, 20L& 5 LBPORMY, FAEEMEEY,
B - TR, AEMESERB L L THEALYT Ty, F—2 2B T 574 v2 b VEERE

b Eirs, EBEAL s —=y b, AR Z I LEEOF— X CEATRELEAR, LT 4
VZMVICEDL S RIEREME 74—y b, ARSI LEREL. BALIo TR, EF—Z0
BABEDF AV 2 b )IRLIDT7pANESYYR) vz Y2352 L2k Y, OGRS
T3, 2, FEEFENITRLL, #ATMES LT -2 PEES U TRETS A LY L
CEAY, RIS FESHEHTE . T4bL, UNXOF 4 v 2 b VR L 77 A v ) v oMk %
WALT, BEFEFERCERBLINIZFT v 2 M VS CH LT, FAEMEICERLT /v 2
VREED G VR w2 V22T, WEMEY SBREBEL T F— X B ORMESTTEEL 1 3.

KHEAT 4 AZDE I, FAAZOEREFT—2RHI N, F—2OHRAMLYHHET 2L 5
WEPHERALEA— » Fo Vv —RORBRIMNIEREBZFIMT 254, F—207 272210 %
BTAAZDEBEZHLL VDR, OL S LF—AEELSCTET—AHENTLDF 4 v 2
FYLIF, 3 LAREZET—XHBBEADOT A v 2 PILUT 74 AZOFECERD 3 & 5 REEVLE
ThHad, 272, RBRATA A2 L Z20EEBN T P ANARESCRAFPHNELT A=Y b - B4
PEBHZ 7 AVEERT ALY, A—b c Frr Iy —NOBEOABIEASLTIIF—X
HEPHRFT A LYERTH 5.

F—XONEEEX DI ICERTEII LYY, 2—FRFT4v 2 ) v —FLEBI L
SOEMLT 27— X ERETEA, LrL, KVRFAHOF-2EIMKE L - 2RIz, KED
F—R I L THEELTAv 2 ) - )= 2R E20RP Y RERMEEL LA, ARV AT HH°
FHANTVAXn Y2 b TR, B - F—FERCBEINTE Y, 204 5 RHBERBEAANL
Tk, Ll, &9 oMl BEOF— 22 EWT 2 LEVE U LEET, 2—FO7—2K
ROXBRUMEN LT -2 0FHOND CRF